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Two  different  experiments  on  liquid  “He  in  open  and  confined  geometries 
were  performed.  In  the  first,  the  attenuation  and  velocity  of  5 MHz  ultra-sound 

temperature  (0.3  to  30  mK)  and  pressure  (0.3  to  34  bars).  The  zero  temperature 
limiting  behavior  was  observed  in  the  B-phase  superfluid  at  temperatures  below 
T/T  =0.4.  The  velocity  was  found  to  return  to  its  ordinary  first-sound  value  as 
was  theoretically  expected.  Using  precise  measurements  of  the  difference  between 
the  zero-  and  first-sound  velocities,  the  second  symmetric  Landau  parameter,  P, 

In  the  other  experiment,  nuclear  magnetic  resonance  (NMR)  was  used  to 
probe  the  magnetic  susceptibility,  X,  transverse  spin  dephasing  time,  rj,  and 

temperature  (0.3  mK  to  2 K),  pressure  (0  to  9 bars),  and  frequency  (231,  345,  462, 
692,  and  924  kHz).  The  magnetic  susceptibility  was  found  to  obey  a Curie-Weiss 


law  with  a pressure-dependent  ferromagnetic  Weiss  temperature.  The  spin 
dephasing  time  was  found  to  be  a strong  function  of  temperature  at  low 
temperature,  with  its  slope  determined  by  the  resonance  frequency.  This  frequency 
dependence  of  t*  was  exploited,  using  a simple  model,  to  obtain  the  true  spin-spin 
relaxation  time,  r , as  a function  of  temperature.  This  was  found  to  obey  the  same 
inverse  temperature  dependence  as  the  susceptibility,  diverging  at  the  extrapolated 
ferromagnetic  transition. 


CHAPTER  1 
INTRODUCTION 


The  most  often  asked  question  by  the  uninitiated  upon  entering  an  ultra-low 
temperature  laboratory  is  "Why  do  yon  want  to  get  things  so  cold?"  Many  versions 
of  the  answer  exist.  Some  are  very  grandiose  soliloquies  on  the  fundamental 
interactions  of  nature,  while  others  delve  into  the  very  specialised  details  of  a 
particular  problem.  But,  the  pure  essence  of  physics  research  can  be  embodied  by 
one  simple  answer,  "To  see  what  happens."  As  the  last  eighty  years  since  the 
liquefaction  of  helium  by  Kammerlingh-Ohnnes  have  shown,  quite  a lot  of  things  do 
happen  near  absolute  aero. 

The  term  "low  temperature"  is  a relative  one.  In  the  study  of  a particular 
physical  problem,  the  relevant  temperature  scale  is  set  by  the  interaction  energies  of 
the  system.  To  be  at  "low  temperature"  then,  requires  only  that  the  energy  of  a 
thermal  excitation  (on  the  order  of  kgT,  where  tg  is  Bolsmann’s  constant)  be  small 
enough  so  as  to  not  disturb  the  interactions  of  interest.  A good  example  of  this  is 
the  behavior  of  the  free  electrons  in  a metal  at  room  temperature.  The  electrons  are 
well  described  by  the  theory  of  a free  Fermi  gas  near  its  ground  state.  Hence,  they 
are  displaying  their  low  temperature  limiting  behavior  at  room  temperature  because 
the  relevant  energy,  the  Fermi  energy,  is  equivalent  to  several  thousand  degrees. 

Many  interesting  systems  in  physics  have  inter-particle  forces  which  are  very 
weak  and,  therefore,  are  totally  masked  by  the  constant  thermal  excitations  present 
at  ordinary  temperatures.  For  a true  understanding  of  the  physical  processes 
governing  a system,  its  behavior  in  the  absence  of  this  thermal  agitation  must  be 


studied.  This  is  the  motivation  for  attaining  low  temperatures.  Once  a theoretical 
model  based  on  the  behavior  at  absolute  zero  is  formed,  the  effect  of  thermal 
excitations  can  be  added  in  a controlled  way.  A complete  picture  will  contain 
enough  information  to  predict  the  behavior  from  T=0  up  to  finite  temperatures. 
Low  temperature  studies  provide  the  experimental  realization  of  the  "ideal"  system 
for  the  theory  to  try  to  explain. 

Because,  at  low  temperatures,  the  low  energy  interactions  are  allowed  to 
dominate,  long  range  order  can  form  in  the  system.  For  example,  the  particles  in  a 
superfluid  become  correlated  over  distances  large  compared  to  their  inter-particle 
spacing.  In  a magnetic  system,  the  magnetic  moments  can  align  with  each  other  to 
form  an  ordered  state  throughout  the  sample.  The  two  experiments  performed  for 
this  dissertation  explore  the  tendency  toward  order  in  two  different  systems  based 
on  the  light  isotope  of  helium,  sHe. 

The  first  experiment  was  an  ultrasound  study  of  both  the  normal  Fermi 
liquid  and  superfluid  states  of  liquid  »He.  Figure  1-1  is  a representation  of  the  low 
temperature  phase  diagram  of  »He  displaying  the  temperature,  pressure  and 
magnetic  field  dependences  of  the  states.  The  attenuation  and  phase  velocity  of  5 
MHz  ultrasound  was  measured  as  a function  of  temperature  (0.3  to  30  mK)  and 
pressure  (0.3  to  34  bars).  The  first  result  of  these  measurements  (Engel  et  al.,  1985) 
was  the  identification  of  the  cause  of  temperature  dependent  attenuation  satellite 
peaks  in  superfluid  »He-B  that  had  previously  been  reported  (Paulson  and 
Wheatley,  1978).  The  origin  of  these  peaks  is  an  interference  between  the 
propagated  sound  pulse  and  an  excitation  of  the  receiving  sound  transducer  from 
unwanted  electromagnetic  leakage.  With  the  origin  of  this  effect  understood, 
additional  measurements  were  made  to  eliminate  it  in  the  analysis.  This  allowed 
the  true  attenuation  and  velocity  to  be  measured  (Ihas  et  al.,  1985). 
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The  ability  to  cool  this  ultrasound  cell  to  temperatures  previouslj 
allowed  the  tero  temperature  limiting  behavior  of  the  sound  v 
attenuation  to  be  observed.  The  sound  velocity  in  the  B-phase  superfluid  was 
found  (Engel  and  Ihas,  1985)  to  approach  its  theoretically  predicted  value  (WolDe, 
1973).  Using  the  difference  between  this  asymptotic  value  and  that  measured  at  the 
superfluid  transition,  Tc,  the  second  symmetric  Landau  parameter,  f%,  was  deduced 
as  a function  of  pressure  (Engel  and  Ihas,  1985). 

The  other  experiment  performed  was  a nuclear  magnetic  resonance  (NMR) 
study  of  liquid  "He  confined  in  the  pores  of  Vycor  glass.  This  system  displays  an 
enhanced  magnetic  susceptibility  over  that  of  the  bulk  liquid  as  first  reported  by 
Brewer  (1970).  The  magnetic  susceptibility,  X,  transverse  spin  dephasing  time,  rj, 
and  spin-lattice  relaxation  time,  r , were  measured  as  a function  of  temperature, 
pressure,  and  magnetic  field.  The  susceptibility  was  found  to  obey  a Curie-Weiss 
law  with  a pressure  dependent  Weiss  temperature.  A simple  model  for  the  magnetic 
field  dependence  of  r*  is  presented  and  the  actual  spin-spin  relaxation  time,  is 


CHAPTER 2 

THEORETICAL  AND  EXPERIMENTAL  REVIEW 


Introduction 

This  chapter  is  intended  as  a short  review  ol  the  relevant  theoretical  ideas 
and  experimental  results  necessary  for  an  understanding  of  the  work  presented  in 
this  dissertation.  The  following  is  divided  into  three  sections:  one  on  normal  liquid 
»He  and  Landau's  Fermi  liquid  theory  following  Leggett  (1975)  and  Woffle  (1978),  a 
brief  section  on  Superfluid  >He  with  emphasis  on  sound  propagation,  and  the  final 
one  on  the  enhanced  magnetism  of  3He  in  confined  geometries. 


The  properties  and  responses  of  liquid  >He  at  temperatures  well  below  the 
Fermi  temperature  of  -1  K (T<  100  mK)  but  above  the  superfluid  transition  can  be 
well  accounted  for  by  a model  due  to  Landau  (1956  and  1957)  called  the  Fermi 
liquid.  This  model  begins  with  a system  of  non-interacting  spin  j particles  and 
adiabatically  turns  on  the  interaction  between  the  particles.  If  the  individual  atoms 
are  now  imagined  to  collect  a screening  cloud  of  other  atoms  around  them,  the 
problem  can  be  reformulated  in  terms  of  these  dressed  atoms  or  quasiparticles  whose 


interactions  can  be  accounted  for  more  easily. 

In  a non-interacting  gas  of  N spin  { particles,  the  single  particle  eigenstates 
are  plane— wave  states  of  momentum  p,  spin  projection  az  = * ^ and  energy 


(2.1) 


, ,e1=£wo! 

p 2m  2m 

where  k is  the  wavevector  corresponding  to  p.  If  now  periodic  boundary  conditions 
are  imposed,  the  ground  state  is  the  so-called  Fermi  sea:  all  single-particle  states 
are  filled  up  to  a limiting  momentum,  the  Fermi  momentum, 


pF  = hkF  = h(3*V  (22) 

Similarly,  one  defines  the  Fermi  energy  and  velocity  as 

CpS^F  (23) 

wp  = (de/dp)pF  = (2-4) 


At  low  temperatures,  single  particles  may  be  excited  into  states  just  above  the 
Fermi  surface.  Thus,  the  low  temperature  static  properties  are  determined  entirely 
by  the  density  of  states  at  the  Fermi  surface 


(2.5) 


For  example,  the  magnetic  susceptibility  and  specific  heat  are  given  by 


X = fyY(dn/d£),  C,  = (TS/3)4(<tyd<)T 


(2.6) 


From  the  free  Fermi  gas  one  can  obtain  the  fall  interacting  system.  When 
the  inter-particle  potential  is  adiabatically  turned  on,  the  particles  of  mass  m are 
now  replaced  by  quasiparlicles  with  some  effective  mass,  m*,  reflecting  this 
interaction.  Hence,  the  number  of  quasiparticles  is  equal  to  the  number  of  atoms  in 
the  system,  N.  As  before,  the  quasiparticles  occupy  plane-wave  eigenstates  of 
momentum  p and  spin  projection  o = and  must  obey  the  Pauli  exclusion 
principle.  And,  the  ground  state  is  the  Fermi  sphere  filled  up  to  the  Fermi 
momentum  as  given  for  the  free  gas  in  equation  (2.2).  The  quasiparticle 
distribution  function  is  the  same  as  for  fermions 


■»<•>-[“•  [Hgf-]  +‘]J  <"> 

which  at  low  temperatures  differs  from  a step  function  only  near  the  chemical 
potential,  p.  Now,  the  density  of  states  at  the  Fermi  surface  is  that  for  the  free  gas 
modified  by  the  effective  mass,  m* 


For  ’He,  m*/m  varies  from  about  3 at  low  pressure  to  about  6 at  the  melting 
pressure.  If  this  were  all  that  was  needed,  the  properties  of  the  degenerate  liquid 
would  be  those  of  the  free  gas  with  m replaced  by  m*.  However,  the  highly 
interacting  system  is  far  richer  than  that.  To  account  for  these  strong  interactions 
between  the  atoms,  a parameterization  of  the  interactions  between  the 
quasiparticles  is  introduced. 

Because  the  energy  of  a quasiparticle  depends  on  the  configuration  of  the 
surrounding  quasiparticles,  a local  change  in  the  distribution  function  fttpo(r,t) 


: the  quasiparticle  energy  to  change  by  an  amount 


iy..t *y„.(w>  P»> 

where  /pff  p/ff,  il  the  Fermi  Uquid  interaction  introduced  by  Landau.  This 
interaction  may  be  rewritten  in  terms  of  the  angle  of  scattering  between  two 
quasiparticles  as 


fpa p'<7'  = Nf‘  P/P-P'K^lV  + (J1°) 

where  Pfcos  0)  are  the  Legendre  polynomials  and  p = p/ 1 p | . The  quantities  f5 | and 
are  the  spin-symmetric  and  spin— antisymmetric  dimensionless  Landau 
parameters. 

Properties  of  the  Fermi  liquid  can  now  be  calculated  in  terms  of  these 

this  is  a semi-phenomenological  theory.  The  first  few  parameters  can  be  related  to 
simple  measurements  of  the  molar  heat  capacity  CN,  speed  of  ordinary  (first)  sound 
c,,  and  absolute  magnetic  susceptibility  Xjj-  These  relations  are 

CN  = ^fF^T  (2.11) 

+ + (212) 

XN  = 47VNF[l  + ft]' 


(2.13) 


! related  to  F\  by 


Also,  m*  can  be 


One  of  the  most  impressive  accomplishments  of  the  Landau  theory  that 
distinguishes  it  from  a purely  phenomenological  theory  is  the  prediction  of  collective 
modes  due  to  the  quasiparticle  interactions.  In  a temperature  regime  where  the 
quasiparticle  collision  time  , r,  is  short  compared  to  the  characteristic  period  of  an 
oscillating  external  force  (a  vibrating  sound  transducer),  i.e.  ur  « X,  the 
quasiparticles  can  stay  in  equilibrium  with  the  oscillations.  This  is  the  so-called 
hydrodynamic  regime  and  the  propagating  disturbance  is  ordinary  or  first  sound. 
As  in  classical  hydrodynamics,  the  first  sound  propagation  is  determined  by  the 
compressibility  x,  density  p,  and  shear  viscosity  q.  The  velocity  is  given  by 


For  the  Fermi  liquid,  the  compressibility  is  given  by 


Npin 

/>’(!+*?) 


which  is  independent  of  temperature.  The  viscosity  is 


->=4'53r4vT  (217) 

so  that  the  attennation  is  proportional  to  T*1  in  the  hydrodynamic  regime. 

In  the  other  extreme  limit,  ur  » 1,  the  qoasiparticles  cannot  come  into 
equilibrium  in  the  time  of  one  period.  Ordinary  sound,  which  relies  on  particle 
collisions  for  propagation,  cannot  be  generated  in  this  eollisionless  limit.  In  a Fermi 
liquid,  however,  the  molecular  fields  (parameterized  by  the  Landau  parameters) 
that  a quasipartide  finds  itself  in  due  to  the  other  quasiparticles  can  react  quickly 
enough  to  support  a wave-like  propagating  mode.  This  mode  in  >He  is  excited  and 
detected  as  longitudinal  compressional  waves  and  is  called  zero  sound.  This  mode 
can  be  viewed  as  an  asymmetric  distortion  of  the  Fermi  surface. 

To  derive  the  relations  for  zero  sound,  one  starts  with  the  system  in  thermal 
equilibrium  governed  by  the  Fermi  distribution 

/»  = {e*p(<»  /fcBT)  + l}  ' {*■») 

where  e°  is  the  quasiparticle  energy  near  the  Fermi  surface  given  by 

1°  = liV/2m*  — p 


With  a time-dependent  external  disturbance  on  the  system  (compressional  sound 
excitation),  one  can  account  for  small  deviations  from  equilibrium  in  the 
distribution  function,  Sf  = as  a linear  functional  of  the  disturbing  field. 
Taking  the  exciting  sound  wave  to  have  wave  vector  q and  frequency  u,  6}^  can  be 


omponents 


11 

f/k(q,w)  = / d’rdt  «/k(r,t)exp[i(q-r  - ut)l-  (219) 

The  time  evolution  of  these  components  is  governed  by  the  kinetic  equation 

i wiik  - 4 «/k  +«/k<! + I2-20) 

where  the  subscripts  a indicate  k * jq  and  4<k  is  the  change  in  quasiparticle  energy 
due  to  the  external  field  directly  and  that  caused  by  a shift  in  the  distribution 
function  such  that 


ii  =Tr.'S/  ,«/k,  + &“  (2-21) 

On  the  right  side  of  equation  (2.20)  is  the  collision  integral  I k that  operates  on  the 

6/k,  = «/k-/k4ek  (2  22) 


where /k  = sfj  d<k- 

The  collective  modes  of  a system  appear  as  poles  in  the  complex  frequency 
plane  of  the  corresponding  response  function  such  as  the  number  density 

&t(q,w)  = X </k(q.“>) 


(2.23) 


(2.24) 


12 

M = X “ «/k( q,«) 


To  obtain  the  longitudinal  oscillation  mode  of  the  kinetic  equation,  eq.(2.20),  the 
conservation  laws  for  particle  number  and  momentum  can  be  used.  They  are 
obtained  from  eq.(2.20)  through  multiplication  by  the  distribution  function  and  k/m 
respectively  and  summing  on  k the  results  of  this  are 

win  = q-j  (2.25) 

«i=  X ±(* i-q)*/  (2  26) 

k,trm  k 1 


where  ®k  is  the  quasiparticle  velocity,  = kvp. 

In  the  collisionless  limit,  the  dissipation  term  in  eq.  (2.20)  can  be  set  to  aero. 
Landau  (1057)  showed  that  new  propagating  modes  he  called  zero-sound  could  exist 
in  this  limit.  For  'He,  all  but  the  longitudinal  sound  mode  are  highly  damped.  The 
resulting  relation  for  the  zero-sound  velocity  in  the  extreme  collisionless  limit  is 


c.  -c,  114  jf, 

c,  5 i + f; 


(2.27) 


For  'He,  s,  is  negligibly  small  even  at  low  pr 


s.  It  is  this  relation  that 
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to  deduce  f*  from  sound  velocity  measurements  in  this  dissertation.  The 
zero-sound  attenuation  is  given  by 


(2.28) 


and  has  a T*  dependence,  the  reciprocal  of  the  first-sound  results.  Figure  2-1 
shows  the  crossover  from  first  to  zero-sound  through  ur=l  of  both  velocity  and 
attenuation  from  the  data  of  Ketterson  et  al.  (1975). 


With  the  success  of  the  BCS  theory  of  electron  pairing  as  an  explanation  of 
superconductivity  (Bardeen,  Cooper,  and  Schrieffer,  1957),  many  researchers  applied 
this  idea  to  the  study  of  neutral  Fermi  systems.  The  combination  of  Landau’s 
successful  Fermi  liquid  theory  for  »He  with  BCS  theory  led  to  many  predictions  for 
the  properties  of  a new  type  of  "superconductor",  superfluid  ’He.  For  many  years, 
this  new  state  of  matter  eluded  experimentalists,  with  the  estimated  transition 
temperature  always  falling  just  out  of  reach  of  what  was  possible  in  the  laboratory. 

In  1971,  refrigeration  technology  had  finally  reached  the  much  sought  after 
superfluid  transition  temperature  (Osheroff  et  al.,  1972).  In  the  seventeen  years 
since  its  discovery,  superfluid  ’He  has  become  a testing  ground  for  a wide  range  of 
theoretical  and  experimental  ideas  in  many-body  physics.  Several  review  articles 
arc  available  on  the  subject.  Two  early  and  still  valuable  articles  are  a theoretical 
review  by  Leggett  (1975)  and  an  experimental  review  by  Wheatley  (1975).  More 
textbook-like  treatments  can  be  found  in  the  articles  by  Anderson  and  Brinkman 
(1978)  and  Richardson  and  Lee  (1978). 


T (mK) 


Figure  2-1.  Zero-sound 


city  and  attenuation  fron 


; al.  (1975). 
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One  property  of superfluid  »He  that  has  received  intense  study  is  its  response 
to  sound  excitation.  Because  of  the  complex  order  of  the  superfluid  state,  many 
collective  modes  that  couple  to  sound  have  been  predicted  and  observed.  A 
complete  review  of  these  phenomena  can  be  found  in  an  article  by  Wolfle  (1978). 
For  the  restricted  purposes  of  this  dissertation,  only  the  behavior  of  the  sound 
velocity  and  attenuation,  without  effects  due  to  the  collective  modes  of  the  gap,  will 
be  discussed. 

As  discussed  earlier  in  the  section  on  the  normal  Fermi  liquid,  there  are  two 
distinct  regimes  for  the  propagation  of  sound.  In  the  case  of  ordinary  hydrodynamic 
sound,  urtl,  where  u is  the  sound  frequency  and  r is  the  quasipaitide  collision 
time.  Thus,  for  sufficiently  low  frequency,  this  regime  extends  all  the  way  to  the 
superfluid  transition.  Because  the  superfluid  state  is  a result  of  correlations  of  the 
particles,  the  bulk  thermodynamic  properties  should  be  unchanged  from  that  of  the 
normal  liquid.  Hence,  the  density,  p,  and  compressibility,  /s,  should  not  change  as 
the  liquid  is  cooled  through  its  transition  and  the  hydrodynamic  or  first  sound 
veloaty  should  maintain  its  normal  liquid  value. 

If  the  sound  frequency  is  high  enough,  then  the  collisionless  regime,  where  m 
» 1,  is  entered  in  the  normal  liquid  at  low  temperature.  As  described  in  the 
previous  section,  the  propagating  density  wave,  called  zero-sound,  is  a result  of  the 
molecular  field  in  which  the  quasipartides  find  themselves.  Now,  when  the 
superfluid  is  entered,  the  quasipartides  begin  to  pair  up  into  Cooper  pairs.  These 

zero-sound  restoring  force.  As  the  superfluid  is  cooled  doser  to  T=0,  the  majority 
of  the  quasipartides  are  paired  up  leaving  no  mechanism  for  zero-sound  to  be 
supported.  As  a result,  there  are  no  single  quasipartide  states  available  for 
exdtation  and,  hence,  there  is  no  dissipation.  The  fluid  can  now  respond  to  density 


frequency,  as  long  as  they 


characteristic 
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frequency  of  the  pairing,  i.e.  the  gap  frequency,  A/lL  At  higher  frequencies,  the 
pairs  are  broken  giving  dissipative  single  quasiparticle  excitations  as  in  the  normal 
liquid. 

At  temperatures  near  T=0,  the  superfluid,  then,  behaves  as  an  ideal  elastic 
fluid.  The  density  wave  that  propagates  remains  in  local  thermodynamic 
equilibrium  due  to  the  quick  response  of  the  liquid,  and,  hence,  behaves  as  first 
sound.  Because  the  density  and  compressibility  have  not  changed  from  the  normal 
state,  this  low  temperature  mode  should  propagate  at  Cj.  This  prediction  was  first 
made  in  the  context  of  neutral  superconductors  by  Anderson  (1958)  and  Boglioubov 
et  al.  (1959).  W61fle  (1973)  has  derived  an  expression  for  the  full  temperature 
dependence  of  the  60und  velocity  below  Tc  using  a generalization  of  the  kinetic 
equation  for  normal  Fermi  liquids. 

By  the  same  argument  as  above,  the  lack  of  single  quasiparticle  excitations 
at  low  temperature  reduces  the  sound  attenuation.  As  the  liquid  is  cooled  into  the 
superfluid,  an  attenuation  peak  is  found  near  Tc,  followed  by  a continuous  drop  as 
the  temperature  is  decreased.  The  peak  is  attributed  to  the  breaking  of  pairs  by  the 
sound  quanta.  Figure  2-2  displays  the  behavior  of  the  sound  velocity  and 
attenuation  in  the  superfluid  without  any  excitation  of  order  parameter  collective 


Experimental  Review 

The  question  of  how  >He  atoms  behave  at  a surface  has  been  studied  for  both 
pure  and  practical  reasons  for  several  years.  The  adsorbed  layers  of  !He  may 
represent  a controllable  two-dimensional  nuclear  spin  system  with  quantum 
exchange  that  can  be  addressable  by  the  quantum  theory  of  magnetism.  The 
enhanced  relaxation  of  the  spins  at  the  surface  has  practical  implications  for  the 
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Figure  2-2.  Ultrasound  velocity  and  attenuation  in  superfluid  JHe-B  from  lhas  et 
al.  (1985). 
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understanding  of  heat  transfer  across  a boundary  at  low  temperature.  This  section 
will  attempt  to  concisely  review  the  voluminous  amounts  of  measurements 
performed  on  ’He  confined  in  and  adsorbed  on  many  different  substrates  for  the  past 
twenty  years.  Unlike  the  previous  section  on  sound,  there  is  not  at  present  a 
consistent  theoretical  picture  for  the  mechanism  of  enhanced  magnetism  of  helium 
atoms  near  a surface.  One  of  the  main  impediments  to  theoretical  progress  is  the 
uncontrolled  and  incompletely  characterized  nature  of  the  various  substrates  used  in 
the  experiments,  making  it  difficult  to  formulate  a quantitative  theory  covering  all 
of  the  data.  This  section  will  begin  with  a chronological  description  of  the  many 
experiments  performed.  Later,  differences  in  the  various  systems  will  be  explored. 

Early  NMR  measurements  on  ’He  adsorbed  on  Vycor  glass  were  performed 
by  D.F.  Brewer's  group  at  Sussex  (Brewer,  1970).  Their  lowest  temperature  was  a 
fairly  high  400  mK,  but  they  were  able  to  see  susceptibility  contributions  from 
individual  layers  of  atoms.  In  their  experiment,  the  CW  NMR  signal  was  integrated 
to  obtain  the  total  susceptibility  as  controlled  amounts  of  ’He  were  added  to  the 
sample  cell.  Figure  2-3  shows  the  susceptibility  as  a function  of  coverage  at 
T=0.405  K.  The  initial  region  up  to  one  monolayer,  and  possibly  beyond,  is  linear, 
indicating  that  the  addition  of  each  spin  has  no  effect  with  those  already  present. 
This  is  consistent  with  the  idea  that  the  first  layer  is  a tightly  bound  high  density 
solid  in  the  Van  der  Waals  potential  and  hence  the  spins  are  localized.  Because  the 
dipole-dipole  interaction  is  on  the  order  of  10-'  K,  the  spins  do  not  interact  at  these 
temperatures.  Thus,  the  susceptibility  contribution  of  one  layer  is  the  classical 
Curie  free-spin  value  (x  - C/T)  as  evidenced  by  temperature  dependence 
measurements  of  sub— monolayers  between  0.4  and  1.2  K. 

As  higher  layers  are  built  up,  the  linearity  disappears,  and  the  susceptibility 
signal  per  added  spin  decreases.  The  authors  interpret  this  as  reflecting  the  onset  of 
degeneracy.  One  important  result  to  come  out  of  these  measurements  can  be  seen 
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Figure  2-3.  Susceptibility  vs.  coverage  of : 
(1970). 


i Vycor  adapted  from  Br 


by  comparing  the  susceptibility  of  the  Vycor  with  filled  pores  to  that  of  bulk  liquid. 
In  figure  2-3,  the  dashed  line  labeled  I is  the  susceptibility  for  plain  bulk  liquid 
while  II  is  that  for  bulk  liquid  with  the  addition  of  just  the  first  layer  still  behaving 
Curie-like.  The  fact  that  the  measured  signal  is  above  both  of  these  lines  indicates 
that  the  surface  enhancement  remains  even  though  there  is  bulk  liquid  in  contact 
with  the  outer  layer.  This  is  not  too  surprising  for  the  first  layer  because  it  is  so 
tightly  bound  in  the  ~ 3K  surface  potential,  but  the  second  layer  maintains  its 
enhancement  as  well.  At  this  early  point  in  these  types  of  experiments,  this 
statistical  layer  model  was  an  adequate  interpretation. 

The  Sussex  group  performed  another  »He-in-Vycor  experiment  (Brewer  and 
Holt,  1972),  this  time  filling  the  pores  completely  with  liquid  and  cooling  to  ~ 50 
mK.  Figure  2-1  is  a plot  of  xT  versus  T at  saturated  vapor  pressure.  This 
semi-logarithmic  plot  shows  predictions  for  the  bulk  liquid  and  the  statistical  layer 
model  previously  introduced.  At  these  lower  temperatures,  the  enhancement  is 
greater  than  that  for  non-interacting  layers.  This  evidence  for  intra-layer 
communication  is  still  very  subtle  at  these  temperatures,  but  clear  enough  that  the 
simple  picture  of  independent  layers  must  be  altered.  The  surface  contribution  to 
the  magnetism  was  seen  to  be  Curie-like,  however,  because  of  the  high  minimum 
temperature,  a Curie-Weiss  dependence  with  a Weiss  temperature  of  ~ 10  mK  or 
less  could  not  be  ruled  out.  One  final  very  important  effect  was  that  upon 
introduction  of  <He  in  an  amount  equivalent  to  one  layer,  the  excess  magnetism 
completely  disappeared.  This  was  interpreted  as  a displacement  of  the  surface  'He 
atoms  by  the  more  massive  and  therefore  more  tightly  bound  non-magnetic  'He. 

It  was  not  until  an  NMR  experiment  on  superfluid  ’He  in  a parallel  plate 
geometry  was  performed  in  Helsinki  (Ahonen  et  al.,  1976)  that  the  temperatures 
were  low  enough  to  clearly  observe  the  Curie— Weiss  behavior  of  the  spins  on  the 
surface  of  the  stacked  Mylar  sheets.  The  measurements  were  performed  down  to  0.7 
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Figure  2—4.  tfl/C  vs.  T for  Vycor  with  filled  pores  adapted  from  Brewer  and  Rolt 
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mK  giving  a Weiss  temperature  of  - 0.5  mK.  Again,  the  effect  disappeared  with  the 
addition  of  a sufficient  amount  of  'He.  This  experiment  prompted  studies  on  other 
substrates  cooled  by  nuclear  demagnetization.  The  Helsinki  group  (Ahonen  et  al., 
1978)  performed  pulsed  NMR  measurements  on  90  X carbon  particles  (Carbolac) 
immersed  in  liquid  >He  down  to  0.4  mK.  In  the  very  small  spaces  between  the 
particles,  the  superfluid  could  not  form  because  the  Cooper  pair  coherence  length  is 
larger  than  the  wall  distances.  This  meant  that  the  magnetic  signal  was  not 
complicated  by  the  complex  magnetic  nature  of  superfluid  ’He.  They  were  able  to 
separate  out  three  different  contributions  to  the  susceptibility.  Because  the  first 
solid-like  layer  is  assumed  to  be  rather  immobile,  the  free  induction  decay  of  the 
total  signal  would  have  a very  quickly  decaying  component  due  to  this  solid.  The 
carbon  particle  experiment  showed  a rapid  decay  of  40  ps  preceding  the  slower  decay 
of  400  its  in  the  FID.  The  temperature  dependence  of  the  early  time  signal  was 
consistent  with  a pure  Curie  law  (they  quote  a Weiss  temperature  of  -0.09  mK) 
while  the  larger  long  decay  time  signal  was  again  a Curie-Weiss  law  with  a Weiss 
temperature  varying  from  0.35  mK  at  0 bars  to  0.5  mK  at  25  bars.  The  third 
contribution  was  a temperature  independent  term  attributed  to  a bulk-dike 
degenerate  Fermi  liquid  in  the  spaces  between  the  particles. 

Another  measurement  made  on  this  system  was  the  apparent  spin-spin 
relaxation  time  , r*.  which  is  actually  a dephasing  time  of  the  precessing  spins  and 
depends  not  only  on  the  microscopic  relaxation  processes,  but  on  the  overall 
magnetic  field  homogeneity.  As  the  temperature  was  lowered,  r*  initially  decreased 
but  then  began  a rapid  increase  below  ~ 2.5  K (see  figure  2-5).  The  magnitude  of 
this  dephasing  time  was  pressure  dependent.  The  authors  interpret  this  low 
temperature  increase  as  a ferromagnet  approaching  ordering.  This  measurement  is 
not,  however,  the  intrinsic  spin-spin  relaxation  time  and  may  be  subject  to  other 
effects  to  be  discussed  in  Chapter  5 of  this  dissertation. 


Figure  2-5.  Spin  dephasing  time,  7*.  va.  T for  liquid  'He  in  90 , 
adapted  from  Ahonen  et  al.  (1978). 


At  the  time  of  the  carbon  particle  experiment,  the  group  at  the  University  of 
Southern  California  performed  NME  measurements  on  liquid  "He  in  Grafoil  (Boiler 
et  al.,  1978).  Grafoil  is  an  exfoliated  graphite  that  is  comprised  of  many  atomically 
smooth  platelets  that  are  essentially  parallel.  Hence,  the  surface  normal  points  in  a 
unique  direction  relative  to  the  external  field  unlike  that  of  the  randomly  oriented 
carbon  particles  or  the  pores  of  Vycor  glass.  Again,  by  cooling  to  0.43  mK,  a 
Curie-Weiss  law  with  an  extrapolated  transition  temperature  of  0.38  mK  was 
observed.  This  time,  however,  a strongly  magnetic  field  dependent  susceptibility 
was  seen.  As  the  field  was  increased,  the  enhancement  was  diminished,  indicating 
that  the  external  field  energy  is  dominating  the  subtle  interactions  of  the  "He  spins. 
In  addition,  the  spin  dephasing  time,  was  found  to  decrease  as  the  temperature 
was  lowered  below  1 mK  in  contrast  to  that  of  the  carbon  particles.  One 
complication  in  this  experiment  was  the  fact  that  the  Grafoil  platelet  spacing  is  stiU 
large  compared  to  the  superfluid  coherence  length.  Hence,  the  superfiuid  forms  in 

Pursuing  these  measurements  further,  the  USC  group  repeated  the 
experiment  on  Grafoil  a few  years  later  (Boiler  et  al.,  1983).  The  main  results  of 
this  later  experiment  were  the  observation  of  an  anisotropic  frequency  shift  at  low 
temperatures  (see  figure  2—6)  and  a very  pronounced  low  temperature  decrease  in 
r*.  The  sign  of  the  frequency  shift  depended  upon  the  relative  orientation  of  the 
external  magnetic  field  with  the  surface  normal  of  the  Grafoil.  This  was  interpreted 
as  indicating  the  true  two-dimensional  nature  of  the  surface  magnetic  state.  As  the 
spins  begin  to  order  in  a sheet,  the  local  field  determining  the  resonance  frequency  is 
the  superposition  of  that  from  the  external  magnet  and  that  from  the  helium  spins. 
Hence,  if  the  spins  order  in  a particular  direction  that  depends  on  the  surface 
orientation  and  not  on  the  external  field,  then  the  frequency  will  differ  with  the 
ve  orientation  of  the  field  and  surface  normal  vectors.  Also,  the  rapid 
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Figure  2-fi.  Field  dependent  frequency  shift  of  'He  in  Grafoil  adapted  from  Bozler 
et  al.  (1983). 


26 

downturn  of  t*  at  low  temperatures  was  interpreted  by  the  authors  as  being 
evidence  for  two-dimensional  behavior  from  theoretical  predictions  (Richards,  1976) 
for  two-dimensional  magnetic  systems. 

In  their  recent  work  (Friedman  et  al.,  1986),  the  USC  group  has  pursued 
NMR  measurements  on  the  >He-Grafoil  system  in  very  low  magnetic  fields  on  the 
order  of  a few  Gauss  in  order  to  be  below  the  dipolar  field  energy  of  the  interacting 
spins.  Using  very  sensitive  SQUID  (superconducting  quantum  interference  device) 
detection  techniques,  the  authors  have  observed  frequency  shifted  resonant  modes  at 
temperatures  below  the  extrapolated  Weiss  temperature  of  0.8  mK.  They  interpret 
these  as  resulting  from  collective  modes  within  the  sHe  surface  layers 
ferromagnetically  ordered  over  large  domains.  Thus,  because  the  energy  per  spin  in 
these  low  fields  is  10-4  * T,  this  is  direct  evidence  for  large  exchange-aligned 
domains. 

One  issue  not  addressed  in  the  discussion  bo  far  is  how  many  layers  of  atoms 
are  causing  this  enhanced  magnetism.  The  methods  used  to  determine  how  much 
surface  helium  is  present  must  obviously  rely  on  a knowledge  of  the  surface  area  of 
the  substrate  as  well  as  how  much  of  the  surrounding  helium  the  NMR  coil  probes. 
An  accurate  determination  of  this  quantity  is  not  easily  obtained  for  the  large 
surface-to-volume  substances  used  as  substrates.  Also,  the  extent  of  the  RF 
radiation  from  the  probe  coil  can  only  be  estimated.  In  addition,  many  times  the 
dominant  surface  is  that  of  the  sintered  heat  exchanger  making  it  difficult  to 
determine  where  all  of  the  helium  actually  plates  out.  These  comments  are, 
therefore,  intended  as  a caution  when  comparisons  between  different  experiments 
are  made. 

As  mentioned  earlier,  the  high  temperature  measurements  on  Vycor 
indicated  two  complete  layers  were  responsible  for  the  enhanced  magnetism,  the 
first  being  a high  density  solid  and  the  second  a high  density  liquid.  Any  additional 
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layers  were  found  to  behave  as  a degenerate  Fermi  liquid,  albeit  with  a different 
Fermi  temperature.  In  the  carbon  particle  experiments,  the  authors  used  the  ratio 
of  the  two  different  time  constant  contributions  to  the  FID  to  estimate  the  amount 
of  helium  atoms  involved.  While  they  assumed  a density  and  susceptibility  of  bulk 
solid  >He  for  the  long  time  constant  signal,  they  obtained  an  estimate  of  4.5  to  5.5 
atomic  layers.  In  the  Grafoil  experiments,  the  authors  performed  adsorption 
isotherms  to  obtain  the  surface  area  of  the  substrate.  In  addition,  they  determined 
the  internal  volume  of  the  Grafoil  so  that  the  amount  of  liquid  both  inside  and 
around  the  Grafoil  could  be  calculated.  Finally,  they  probed  the  distribution  of  the 
rf  magnetic  field  at  the  end  of  the  NMR  coil  and  estimated  that  40%  of  their  signal 
was  due  to  bulk  liquid.  Putting  this  all  together,  they  estimate  around  1 monolayer 
is  responsible  for  the  Curie-Weiss  behavior. 

It  is  dear  that  these  determinations  are  only  estimates.  With  the  goal  of 
accurately  obtaining  the  number  of  layers  responsible  for  the  enhanced 
susceptibility,  the  Japanese  group  of  Okuda  et.al.  (1985)  designed  an  experiment  for 
such  a purpose.  The  substrate  chosen,  though  different  from  previous  works  and 
hence  a new  variable,  was  sintered  Ag  powder.  In  this  way,  the  substrate  could  be 
cooled  itself  through  conduction  to  very  low  temperature,  eliminating  the  need  for 
bulk  liquid  to  be  present  as  a thermal  link.  To  avoid  eddy  current  heating  that 
would  result  from  NMR  measurements,  the  DC  magnetization  was  measured 
directly  via  a SQDID  magnetometer.  This  has  the  added  complication  of  being 
sensitive  to  all  magnetic  materials  present  and  hence  a background  measurement  of 
the  empty  cell  has  to  be  performed  and  subtracted  from  the  data.  These  workers 
found  that  for  up  to  5 layers  of  JHe  atoms,  the  behavior  was  Curie-bke  with  no 
measurable  Weiss  temperature.  When  the  coverage  was  increased  beyond  5 layers, 
the  behavior  became  Curie-Weiss  with  a Weiss  temperature  of  0.4  mK,  consistent 
with  the  bulk  liquid  measurements. 
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In  a recent  measurement,  the  group  at  Grenoble  (Franco  et  al.,  1986) 
performed  CW  NMR  on  monolayers  of  »He  on  a Grafoil  substrate  down  to  3 mK  as 
a function  of  coverage.  Their  striking  results  are  shown  in  figure  2-7.  The  first  one 
and  a half  layers  obey  Curie's  law  as  seen  before,  with  a very  broad  linewidth 
characteristic  of  a tightly  bound  solid.  When  the  coverage  is  increased,  a peak  in 
the  susceptibility  is  seen  at  -2.5  layers.  Hence,  there  is  an  optimal  coverage  for  the 
enhanced  magnetism,  which  can  be  exceeded.  The  Weiss  constant  for  the  helium  at 
this  special  coverage  is  a very  high  2.8  mK  and  approaches  the  more  usual  0.5  mK 
as  the  coverage  is  increased  toward  bulk  liquid.  Hence,  the  existence  of  a layer 
above  the  first  adsorbed  layer  is  necessary  for  the  ferromagnetism,  but  additional 
atoms  can  actually  diminish  the  effect. 


Theoretical  Review 

There  are  at  present  several  models  described  in  the  literature  for  explaining 
the  surface  induced  ferromagnetism  of  »He.  One  of  the  earliest  theoretical  pictures 
(Beal-Monod  and  Doniach,  1977;  Spanjaard  et  al.,  1979)  views  the  effect  as  arising 
from  a two-dimensional  Fermi  liquid  that  is  driven  near  a ferromagnetic  instability 
by  the  surface  Van  der  Waals  potential.  Two  others  treat  the  problem  as  being  due 
to  an  exchange  mediated  magnetic  interaction.  Jichu  and  Kuroda  (1982)  view  the 
dominant  mechanism  as  an  indirect  exchange  (RKKY)  between  two  solid-like 
atoms  within  a layer  which  interact  with  a single  liquid  atom.  Delrieu  et  al.  (1980) 
attempt  to  account  for  the  experimental  data  using  direct  three  particle  exchange 
within  the  solid  layers.  Figure  2-8  is  a representation  of  the  different  mechanisms 
involved  in  these  models. 

Bulk  liquid  sHe  in  the  normal  state  displays  an  enhanced  Pauli-like 
susceptibility  when  cooled  well  below  its  Fermi  temperature  (<  100  mK).  The 
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Figure  2-8.  Models  for  sHe  surface  ferromagnetism. 


X.  ,.(T)  = x<0)11  - aX*(0)T*  + ...) 


(2.30) 


where  a is  a constant  independent  of  pressure.  The  prefactor,  x(0)t  is  the  T— 0 
susceptibility  that  is  enhanced  over  the  value  for  the  free  Fermi  liquid  by  roughly  an 
order  of  magnitude.  The  fact  that  bull  liquid  'He  is  nearly  magnetic  in  its  natural 
state  is  the  basis  for  the  two-dimensional  ferromagnetic  liquid  model  introduced 
earlier  (Beal-Monod  and  Doniach,  1977;  Spanjaard  et  al.,  1979).  The  basic  idea  of 
the  model  is  that  the  Van  der  Waals  surface  potential  increases  the  density  of  the 
quasiparticles  in  a thin  sheet  near  the  surface.  This  increased  density  is  shown,  in 
their  calculations,  to  greatly  enhance  the  magnetic  response  of  the  liquid  adjacent  to 
the  surface. 

Another  approach,  which  was  motivated  by  the  qualitative  success  of  the 
multiple  spin  exchange  theory  for  bcc  solid  "He,  was  proposed  by  Delrieu  et  al. 
(1980).  Using  geometrical  arguments  to  determine  which  type  of  particle  exchange 
would  be  favored  for  a triangular  two-dimensional  lattice,  the  authors  conclude  that 
the  ferromagnetic  tendency  is  produced  by  three  particle  exchange  within  the  solid 
layers.  Because  the  magnetism  is  occurring  in  these  first  layers,  this  model  is 
consistent  with  the  destruction  of  the  magnetic  state  with  the  addition  of  enough 
<He.  In  a very  recent  paper,  Roger  and  Delrieu  (1987)  state  that  the  exchange 
frequency  for  the  second  layer  is  on  the  order  of  1 mK  giving  a Weiss  0 of  a few  mK. 
This  is  in  good  agreement  with  the  single  layers  on  Grafoil  experiment  (Franco  et 
al.,1986).  In  addition,  the  authors  argue  that  the  2.5  layers  required  for  the 
ferromagnetic  peal  in  the  experiment  is  a result  of  the  final  half  layer  localizing  the 
layer  beneath.  Also,  additional  'He  atoms  are  believed  to  increase  the  density  of  the 
under  layers,  thereby  restricting  the  exchange  and  lowering  0. 

Jichu  and  Kuroda  (1982)  believed  that  the  exchange  constant  for  three 
particle  exchange  within  a layer  was  an  order  of  magnitude  too  low  to  account  for 
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the  surface  ferromagnetism.  Their  approach  was  to  look 
mechanisms  between  the  solid  atoms  adsorbed  on  the  subst 
contact  with  the  surface  layer.  Following  the  formalism  known  as  RKKY  indirect 
exchange  (Ruderman  and  Kittel,  1954;  Kasuya,  1956;  Yosida,  1957),  they  were  able 
to  account  for  the  ferromagnetic  tendencies  of  the  surface  atoms.  The 
spin-dependent  Hamiltonian  for  interactions  in  the  solid  layer  is  written  as 

H«=—  XJ$Mi  <*■»> 

i<j 


where  jW)  is  the  exchange  constant.  ThiB  constant  for  direct  exchange  within  a 
layer  is  estimated  to  be  of  order  1/iK  (Cowan  et  al.,  1977)  which  is  too  small  to 
explain  the  experiments.  Using  a simplified  model  of  a semi-infinite  system  of  'He 
atoms  bounded  by  a plane  surface  of  a substrate,  the  authors  calculate  an  exchange 


(2.32) 


for  nearest  neighbor  pairs  via  the  RKKY  interaction.  Since  it  is  positive,  it  favors 
ferromagnetism.  The  transition  temperature  is  given  by 


(2.33) 


in  the  mean  field  approximation  where  z is  the  number  of  nearest  neighbors.  This 
gives  T s 0.45  mK  for  a triangular  lattice,  which  is  in  good  agreement  with 
experiment. 


CHAPTER  3 

EXPERIMENTAL  APPARATUS  AND  TECHNIQUE 


Refrigeration 

The  refrigerator  on  which  the  experiments  of  this  dissertation  were 
performed  consisted  of  a »He/‘He  dilution  refrigerator  that  was  designed  and 
constructed  at  the  University  of  Florida  by  Dr.  E.B.  Flint  and  a copper  nuclear 
demagnetization  stage  designed  and  constructed  by  Dr.  G.G  Ihas  and  his  group. 
Many  details  of  the  cryostat  and  its  construction  techniques  may  be  found  in  the 
Ph.D.  dissertation  of  Dr.  R.F.  Berg  (1983)  from  this  laboratory. 

The  dilution  refrigerator  has  a no  load  minimum  temperature  of  10  mK  and 
can  cool  the  copper  demagnetization  bundle  in  a Odd  of  8 Tesla  to  24  mK  within  3 
days  after  magnetization.  The  nuclear  cooling  stage  is  made  up  of  ~7000  Allex 
insulated  wires  to  prevent  eddy  current  heating  which  is  annealed  into  a close 
packed  bundle  providing  ~60  moles  of  Cu  in  the  main  magnetizing  field.  The  main 
magnet  is  a compensated  superconducting  solenoid  built  by  American  Magnetics 
capable  of  a central  field  of  8.5  Tesla  at  75  A. 

This  cryostat  is  capable  of  cooling  several  cubic  centimeters  of  liquid  3He  to 
minimum  temperatures  of  -0.25  mK,  but  its  true  strength  is  the  enormous  heat 
capacity  the  large  copper  bundle  provides  at  low  temperature.  Temperatures  below 
2 mK  can  easily  be  maintained  for  several  weeks  with  a series  of  small 
demagnetizations  which  allows  easy  experimentation  in  the  “He  superfluid  phases. 
For  the  experiments  discussed  here,  the  minimum  temperatures  were  desired 
though,  however,  some  sacrifice  in  lowest  temperature  was  made  to  insure  a large 
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enough  heat  capacity  to  allow  good  thermal  equilibrium  in  the  sample  as  the  system 
warmed  under  the  residual  heat  leak.  Typically,  the  bundle  was  precooled  to  ~25 
mK  after  magnetising  to  8.5  T.  The  demagnetization  began  with  a period  of  rapid 
current  change  at  high  temperature  where  the  eddy  current  heating  is  less  of  a 
problem.  This  was  done  to  conserve  the  liquid  helium  bath  which  is  rapidly 
consumed  by  the  heat  generated  in  the  normal  metal  magnet  leads  with  high  current 
in  them.  Usually  after  this  period  a helium  transfer  was  simultaneously  performed 
to  lop  up  the  bath  so  the  system  did  not  have  to  be  disturbed  at  its  lowest 
temperature.  After  about  an  hour  after  the  demagnetization  was  begun  the  rale  was 
slowed  to  1/4  the  initial  value  and  the  superconducting  heat  switch  connecting  the 

~12  hours  at  which  time  the  NMR  and  sound  were  begun  and  the  demagnetitization 
rate  was  slowed  to  the  slowest  rate  of  the  power  supply  with  »10  % of  the  starting 
field  on  the  bundle.  The  magnet  was  persisted  at  0.6  % of  the  8.5  T initial  field 
giving  a theoretically  reversible  cooling  of  the  copper  to  0.14  mK.  In  actual 
practice,  the  JHe  sample  could  be  cooled  to  0.3  mK. 

Experimental  Cell  Heat  Exchanger 

The  above  description  of  the  refrigerator  describes  minimum  temperatures 
attainable  for  cooling  liquid  »He,  but  makes  no  mention  of  the  difficulties  of  making 
thermal  contact  to  the  helium.  Because  the  boundary  resistance  to  heat  Dow  is  very 
high  between  !He  and  its  container  walls  at  low  temperature,  the  approach  to 
encourage  heat  transfer  has  been  to  maximize  the  surface  area  with  which  the 
helium  is  in  contact.  This  is  accomplished  with  a heat  exchanger  consisting  of  an 
annealed  high  conductivity  copper  body  packed  with  very  fine  metal  powder.  The 
exchanger  body  is  then  placed  in  good  thermal  contact  with  the  demagnetizing 
bundle.  The  resulting  surface  area  is  usually  on  the  order  of  10  m ’ allowing  for 
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thermal  time  constants  at  low  temperatures  for  bulk  !Hc  of  ~6  min.  For  the  two 
experiments  in  this  dissertation,  two  different  heat  exchangers  were  used.  Both 
were  made  to  be  interchangeable  and  bolted  to  the  Cu  bundle  with  gold-plated  feet. 
One  exchanger  (the  one  for  the  Vycor  experiment)  was  made  of  sintered  Palladium 
from  a recipe  developed  by  G.  Bias  and  J.  Landau  (details  available  in  Muething, 
1979).  The  other  was  constructed  from  cold  packed  silver  powder  by  R.  Berg 
(1983).  Detailed  comparison  of  various  materials  used  for  heat  exchangers  can  be 
found  in  the  article  of  Berg  and  Ihas  (1984),  but  the  main  conclusion  is  that  simple 
packed  silver  has  the  highest  performance  with  the  lowest  effort  of  construction. 

Thermometry 

The  thermometers  used  in  these  experiments  can  be  divided  into  two  regimes 
of  application.  The  temperature  range  of  20  mK  < T < 300  K is  covered  by  an 
assortment  of  carbon  resistance  thermometers  attached  to  various  parts  of  the 
refrigerator.  The  carbon  resistor  attached  to  the  experimental  cell  itself  lost 
sensitivity  below  ~ 20  mK  and  was  calibrated  against  a Ge  resistor  (Lake  Shore 
Cryotronics).  Measurement  of  the  resistances  was  by  a two-terminal  AC  bridge 
(Linear  Research  model  LR  130)  with  very  low  excitation  power  (pW)  to  avoid 
self-heating. 

Below  20  mK,  pulsed  NMR  measurements  of  the  magnetic  susceptibility  of 
platinum  (Pt)  nuclei  were  used  as  a thermometer.  The  Pt  has  been  shown  to  obey  a 
Curie  law  well  below  the  temperatures  attainable  in  these  experiments  and  so  the 
susceptibility  is  inversely  proportional  to  the  temperature.  The  thermometer 
consisted  of  0.8  gm  of  1 pm  Pt  particles  (Leico  Industries,  99.95%  purity)  packed  to 
a 50%  packing  fraction  in  a cylindrical  epoxy  coil  former.  The  use  of  fine  powder 
allows  for  low  eddy  current  heating  from  the  NMR  rf  pulse  as  well  as  good  thermal 
contact  between  the  Pt  and  the  liquid  sHe.  The  NMR  spectrometer  is  a commercial 
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dedicated  instrument  (Instruments  for  Technology  PLM-3)  that  has  only  four 
operating  frequencies.  Thus,  the  magnetic  fields  used  in  the  experiments  are 
dictated  by  these  frequencies.  In  the  surface  magnetism  experiment  to  be  described 
in  a later  chapter,  the  susceptibility  of  the  ’He  could  be  used  as  a thermometer  at 
fields  not  supported  by  the  PLM-3.  The  Pt  thermometer  is  only  a relative 
measurement  and  must  be  calibrated  against  a known  fixed  point.  For  this  purpose, 
the  ultrasound  behavior  of  superfluid  ’He  is  used.  The  attenuation  of  ultrasound 
undergoes  a sharp  step  at  the  transition  temperature,  TQ  and  thus  allows  the  Pt  to 
be  used  relative  to  Tc-  In  the  ultrasound  experiment,  the  necessary  measurement 
apparatus  was  already  present;  however,  for  the  Vycor  experiment  an  additional 
sound  cell  was  constructed  to  look  at  the  bulk  liquid.  By  using  Tc  of  the  superfluid 
as  a reference,  all  temperatures  may  be  scaled  at  a later  date  if  and  when  an  agreed 
revision  of  the  temperature  scale  is  invoked.  This  has  already  happened  since  the 
bulk  of  this  dissertation  data  was  obtained  (Greywall,  1986).  At  the  lowest 
temperatures,  the  eddy  current  heating  in  the  Pt  can  become  a problem  so  that  the 
NMR  cannot  be  pulsed  too  frequently.  In  the  Vycor  experiment,  where  precise 
knowledge  of  the  temperature  was  required,  care  was  taken  to  not  cause  any 
thermal  standofis.  The  Pt  NMR  was  performed  once  every  fifteen  minutes  and  fired 
just  prior  to  the  ’He  NMR  pulse.  This  combination  assured  no  interference,  either 
thermally  or  electronically,  between  the  two  probes. 

In  the  ultrasound  experiment,  the  Pt  susceptibility  was  recorded  versus  time 
as  the  experiment  wanned  monotonically  under  the  residual  heat  leak.  High  order 
polynomial  fits  were  then  performed  on  the  data  to  reduce  the  scatter,  and  the 
resulting  curve  then  converted  to  temperature  versus  time  for  use  with  the 
ultrasound  data. 
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illustrated  in  Figure  3-1.  The  method  was  that  of  pulse  transmission  through  the 
medium  of  interest  (liquid  »He)  where  both  attenuation  and  phase  velocity  changes 
of  the  received  pulse  are  measured  simultaneously. 

The  x-cut  quartz  transmitting  crystal  is  driven  at  its  fundamental  resonant 
frequency  of  5 MHz  via  the  amplified  and  gated  output  of  PTS  200  synthesizer.  The 
rf  power  amplifier  used  was  a Matec  310HP  which  was  triggered  at  30  Hz 
synchronously  with  the  125  VAC  line.  The  resulting  output,  10  cycle  bursts  of  5 
MHz  RF  coherent  with  the  pulse  envelope,  was  attenuated  to  a peak-to-peak 
amplitude  of  0.6  volts  before  being  applied  to  the  sound  transducer.  The  signal 
excited  in  the  receiving  transducer  is  first  amplified  by  a doubly  tuned  preamplifier 
(Matec  252)  and  then  by  a 200  MHz  wideband  amplifier  (Matec  625).  The  signal 
was  then  split,  one  half  going  for  attenuation  measurement  and  the  other  for  phase 

To  measure  the  signal  amplitude  (and  hence  attenuation)  the  received  RF 
signal  was  sent  through  a compensated  detector  (Model  625  Matec)  and  then  signal 
averaged  4000  times  in  a digitizer  (Nicolet  1170).  The  digitized  signal  was  then 
transferred  to  a computer  (Hewlett-Packard  9845A)  via  RS— 232  where  simple 
analysis  was  performed.  The  baseline  at  late  received  times  was  determined  from  an 
average  of  the  last  100  points  and  subtracted  to  account  for  any  drift  in  the 
electronics.  The  amplitude  of  the  signal  could  then  be  determined  at  any  desired 
time  within  the  received  sound  pulse  which  proved  to  be  important  in  the 
understanding  of  observed  attenuation  satellites  in  superiluid  !He-B  to  be  described 
in  Chapter  4.  Generally,  for  the  determination  of  attenuation,  the  Bignal  height  on 
the  leading  edge  of  the  received  signal  just  before  the  peak  was  used.  To  determine 
the  attenuation,  the  amplitude  was  scaled  relative  to  that  at  a reference 
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temperature  (T  of  tie  superfluid)  thus  giving 


(3.1) 


where  1 is  the  cell  path  length,  Ac  is  the  the  amplitude  at  Tfi  and  a is  the 
attenuation  defined  as  A = AQe  ^ 

For  phase  velocity  measurement,  a variation  of  a feedback  technique 
developed  by  R.F.  Berg  (1983)  was  used.  The  other  half  of  the  split  RF  signal  was 
mixed  with  a 5 MHz  reference  sine  wave  supplied  by  an  HP  3325A  synthesizer.  The 
output  of  the  doubly  balanced  mixer  is  the  product  of  the  two  inputs  which  can  be 


A(t)  = [Amfut+tij]  [Adntu  t+tpj  (3.2) 

where  A , w , and  <p  are  the  amplitude,  frequency  and  phase  of  the  two  input 
signals  and  the  subscripts  s and  r are  the  sound  and  reference  respectively.  Now,  for 
this  experiment  the  frequencies  of  the  two  signals  are  the  same,  so  with 
trigonometric  manipulation  this  can  be  rewritten  as 

A(t)  = A A'  [j  cos(tP - If)  + i cos(2ut  + ip+  (3.3) 

where  the  first  term  is  a DC  voltage  dependent  on  the  desired  phase  difference.  The 
second  term  is  oscillating  at  twice  the  operating  frequency  and  is  easily  filtered  out 
with  a low  pass  filter. 

Since  this  was  a pulsed  measurement,  the  above  DC  voltage  is  only  as  long  as 
the  received  sound  pulse.  The  amplitude  of  this  signal  was  measured  with  a boxcar 


integrator  (Princeton  Applied  Research  CW-1)  with  a gate  time  coincident  with 
the  pulse.  The  output  of  the  boxcar  is  thus  proportional  to  the  cosine  of  the  relative 
phase  of  the  sound  signal  and  reference.  This  output  has  the  opposite  polarity  and 
so  can  be  used  as  the  error  signal  in  a feedback  loop  to  modulate  the  phase  of  the 
reference  oscillator  as  shown  in  Figure  3-1.  To  analyse  this  high  gain  phase-locked 
loop,  the  output  of  the  boxcar  is  just 


V0  = -gVi  (3.4) 

where  g is  the  gain.  If  this  voltage  is  then  used  to  modulate  the  phase  of  the  HP 
synthesizer,  then 


synthesizer.  Placing  thes 
filtered  out  gives 


V.[=uV0  + e>0  (3.5) 

and  a is  the  gain  factor  for  phase  modulation  in  the 
;e  expressions  in  equation  (3.3)  with  the  oscillatory  term 


Now,  if  the  loop  is  locked,  Vj,  and  hence  VQ,  is  kept  near  zero,  so  the  above  cosine 
can  be  expanded  and  after  some  algebra 


loop  is  high  gain,  - 1 
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the  final  expression 
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which  is  linear  in  the  phase  change  of  the  sound  signal.  From  the  above  relation,  it 
is  clear  that  higher  order  corrections  involve  the  signal  amplitude.  To  account  for 
this  amplitude  dependence,  calibrations  were  performed  at  fixed  temperature  by 
monitoring  the  phase  measurement  as  the  power  of  the  transmitter  pulse  was  varied 
in  3 dB  steps.  Then,  in  the  later  analysis  of  the  phase  versus  temperature  data,  the 
effect  could  be  removed  by  using  the  simultaneously  obtained  sound  amplitude  data. 
The  corrections  were  never  more  than  6%  in  the  worst  case  for  the  sound  velocity. 

NMR  techniques 

For  the  surface  magnetism  of  ’He  in  Vycor  experiment,  pulsed  NMR  was 
used  for  the  bulk  of  the  measurements.  On  one  occasion,  continuous  wave  (cw) 
NMR  was  used  to  observe  the  lineshape  of  the  ’He  as  a function  of  temperature. 
This  section  will  discuss  both  of  the  setups  and  techniques  for  these  differing 

The  schematic  of  the  circuit  used  for  the  pulsed  NMR  is  shown  in  figure  3-2. 
The  method  is  very  similar  to  that  used  in  the  ultrasound  measurements  already 
discussed  in  that  it  involves  an  rf  power  amplifier  gated  in  short  pulses  to  provide 
excitation  to  the  sample  and  a sensitive  rf  receiver  to  amplify  the  weak  coherent 
signal  induced  in  the  probe  coil  by  the  precessing  spins.  The  main  difference,  and 
hence  difficulty,  is  that  the  desired  signal  begins  immediately  after  the  application 
of  the  transmitter  pulse  unlike  in  ultrasound  where  there  is  a propagation  delay. 
Whereas  in  ultrasound  one  is  always  plagued  by  unwanted  feedthru  affecting  the 
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receiving  electronics,  in  pulsed  NMR,  the  transmitter  pulse  is  applied  directly  to  the 
same  coil  used  for  detection.  Hence,  this  large  voltage  pulse  would  wreak  havoc 
with  the  sensitive  signal  amplifier  if  it  is  not  eliminated  first. 

Many  approaches  to  the  elimination  of  the  transmitter  pulse  from  the 
receiver  have  been  developed  through  the  years  (Fukushima  and  Roeder,  1981).  A 
simple  and  effective  solution  is  that  of  the  dummy  cancellation  circuit  shown  in 
figure  3-4.  A bridge  circuit  using  an  rf  center-tap  transformer  (Mini  Circuits  MCL 
T4-1)  splits  the  rf  pulse  into  two  180°  out  of  phase  components.  Half  goes  to  the 
NMR  probe  tank  circuit  in  the  cryostat  and  half  goes  to  a dummy  tank  circuit  that 
matches  the  low  temperature  one  as  nearly  as  possible.  The  output  of  the  two  tank 

bridge  is  precisely  balanced,  the  transmitter  pulse  is  canceled  out  almost  completely 
thus  leaving  the  receiver  unperturbed  and  ready  to  amplify  the  NMR  signal.  When 
the  excitation  stops,  the  bridge  is  unbalanced  and  the  receiver  sees  only  the  NMR 
tank  circuit.  This  technique  works  well  for  the  true  oscillatory  portions  of  the  rf 
pulse  where  the  two  tank  circuits  are  tuned  to  a narrow  frequency;  however  it  does 
suffer  from  the  transients  of  the  pulse.  Generally,  the  first  usable  signal  was  < 100 
ps  after  the  pulse  due  to  recovery  of  the  amplifier  and  depended  on  the  drive  power. 
At  the  lowest  temperatures,  where  the  NMR  signal  is  the  strongest,  smaller  pulses 
were  used  and  the  dead  time  was  therefore  much  reduced. 

The  rf  power  amplifier  used  (ENI  model  403L)  was  capable  of  30  V p-p 
output.  A synthesizer  (HP  3322A)  tuned  to  the  Larmor  frequency  at  the  particular 
field  supplied  the  radio  frequency  energy  and  was  gated  into  pulses  via  a locally 
built  digital  pulse  programmer  (Larry  Frederick,  staff  electronics  engineer).  The 
pulser  utilizes  the  input  rf  itself  as  a clock  and  therefore  counts  the  number  of  cycles 
desired  for  a given  pulse.  These  pulses  are  thus  coherent  with  the  excitation  rf. 
The  rf  switch  used  as  a gate  has  the  capability  of  sending  out  pulses  of  differing 


amplitudes  allowing  the  programmer  to  output  pulse  sequences  of  various  timings, 
lengths  and  heights.  For  the  Vycor  experiment  described  here,  two  modes  of 
operation  were  used.  For  magnetic  susceptibility,  *,  and  transverse  dephasing  time, 
r , determination,  single  pulses  were  used  and  the  Free  Induction  Decay  (FID) 
recorded.  For  measuring  the  longitudinal  relaxation  time,  r , one  large  90  pulse 
and  fifteen  -5"  sampling  pulses  were  used.  The  6mall  pulses  monitor  the 
magnetisation  recovery  toward  the  Z axis  and  show  an  exponential  growth  of  their 
corresponding  FIDs  with  a time  constant  r (more  details  of  the  physical  results  is 
given  in  chapter  5). 

The  resulting  NMR  signals  were  first  preamplified  (60  dB  Analog  Modules) 
and  then  sent  to  a 200  MHz  wide  band  receiver  (Matec  model  605)  with  only  its 
second  stage  amplifier  used.  It  was  found  that  the  first  stage  degraded  the  signal  to 
noise  ratio  (a  design  limitation  to  increase  the  bandwidth)  and  was  not  needed  due 
to  the  strong  ‘He  signal.  Because  the  digitising  rate  of  our  signal  averager  (Nicolet 
1170)  was  incapable  of  effectively  capturing  the  raw  oscillating  FID,  the  NMR 
signal  was  first  sent  through  a compensated  detector  (built  into  the  Matec  605)  to 
provide  just  the  decaying  envelope  to  the  digitiser.  The  digitized  envelope  was  then 
transferred  to  the  computer  (HP  9845a)  for  analysis.  This  technique  provided  no 
problems  for  a majority  of  the  data  accumulated!  however,  at  high  temperature 
where  the  signal  size  is  very  small,  nonlinearities  in  the  detector  adversely  affect  the 
small  amplitude  tail  of  the  decaying  FID  thus  throwing  off  the  computer  fits.  The 
problem  could  usually  be  avoided  by  an  appropriate  boost  of  power,  and  only 
occurred  in  a small  amount  of  data  above  1 K. 

The  dummy  cancellation  technique  can  be  employed  to  improve  the  signal  to 

shown  in  figure  3-3.  This  spectrometer  uses  a high  frequency  lock-in  amplifier 
(Princeton  Applied  Research,  model  5202)  for  phase  sensitive  detection.  A vector 
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of  phase  shifts.  The  dummy  circuit  is  adjusted  to  provide  extinction  of  the  rf  when 
off  resonance,  thus  allowing  a higher  sensitivity  setting  on  the  lock-in.  When  the 
field  is  swept  through  resonance,  the  out  of  balance  signal  is  detected. 

Experimental.  .Cells 

Details  of  the  experimental  cells  used  appear  in  the  dissertations  of  their 
builders  (R.F.  Berg  (1983)  for  the  Ultrasound  cell  and  G.F.  Spencer  (1986)  for  the 
Vycor  cell).  In  this  section,  enough  cogent  details  of  the  cell  design  will  be  given  to 
enable  the  reader  to  understand  the  results  of  the  different  experiments. 

A schematic  drawing  of  the  ultrasound  cell  is  shown  in  figure  3-4.  The  main 
features  necessary  for  the  experiment  described  here  are  the  sound  cell  and 
compressor.  The  sound  cell  consisted  of  two  0.375"  diameter  gold  plated  quartz 
transducers  of  5 MHz  fundamental  resonance  frequency  separated  with  a 6.25  mm 
epoxy  spacer.  The  spacer  provided  only  four  small  contact  points  for  each 
transducer  to  reduce  sound  transmission  through  the  epoxy  and  was  coated  in  silver 
paint  and  grounded  to  aid  in  shielding.  The  relatively  low  frequency  of  the 
transducers  was  a drawback  in  the  sound  velocity  determination  of  P in  this 
experiment,  but  was  a result  of  design  considerations  for  the  original  purpose  of  the 
cell  as  a probe  of  solid  JHe.  These  limitations  were  overcome  as  described  in 

bellows  compressor.  Though  designed  with  solid  >He  crystal  growing  in  mind,  this 
feature  allowed  high  precision  pressure  regulation  to  be  performed  which  turned  out 
to  be  very  important  for  the  velocity  measurements  in  liquid  ’He  due  to  its  strong 
dependence  on  pressure.  Figure  3-5  shows  a schematic  of  the  feedback  system  for 
pressure  regulation.  The  pressure  was  monitored  with  a beryllium-copper  strain 
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Pressure  Control  Loop 


Figure  3-5.  Pr 


feedback  loop. 


gauge  of  the  design  made  famous  by  Straty  and  Adams  (1969).  The  output  of  the 
strain  gauge  bridge  was  used  as  the  error  signal  for  a temperature  controller  whose 
heater  current  was  supplied  to  a bomb  of  ‘He  weakly  thermally  connected  to  the  4.2 
K bath.  Hence,  the  bomb  pressure  drove  a bellows  of  liquid  ‘He  which  in  turn 
controlled  the  volume  of  the  !He  cell.  With  this  arrangement,  the  pressure  was 
stabilized  to  better  than  1 x 10-5.  As  an  aside,  this  arrangement  was  also  used  via 
computer  control  to  perform  controlled  growth  of  solid  sHe  where  the  feedback 
parameter  could  be  time,  volume  or  the  NMR  susceptibility  of  the  growing  solid. 

The  Vycor  cell  was  of  a fairly  complicated  design  which  allowed  several 
different  probes  to  be  used  on  the  system  (see  figure  3—6).  The  main  purpose  was 
for  sensitive  flow  studies  of  liquid  through  the  Vycor.  A bellows  pump  designed  and 
built  by  E.  Flint  and  G.  Ihas  was  described  in  detail  in  the  dissertation  of  G. 
Spencer  (1986)  and  was  used  only  for  one  small  part  of  the  data  presented  in  this 
dissertation.  Complimentary  to  the  pump  was  a very  sensitive  differential 
manometer  designed  by  G.  Spencer.  It  turned  out  that  the  manometer  was  actually 
a drawback  for  this  experiment  because  it  did  not  allow  pressures  above  9 bar  to  be 
studied.  The  experimental  cell  also  contained  a pair  of  quartz  ultrasound 
transducers  to  monitor  the  bulk  liquid  attenuation  for  use  as  a secondary 
thermometer.  In  addition,  two  NMR  coils  were  included  for  measurement  of  the 
confined  >He  and  the  susceptibility  of  platinum  powder  for  thermometry. 

Important  for  the  experiment  performed  for  this  dissertation  was  the 
placement  of  the  saddle-shaped  NMR  coil  on  the  Vycor  rod  itself.  This  coil  only 
probed  the  center  of  the  rod  (see  Figure  3-7)  and  the  entire  assembly  was  imbedded 
in  Stycast  1266.  The  liquid  >He  was  supplied  to  the  ends  of  the  Vycor  rod  via  1/8" 
tubes  thereby  enabling  the  NMR  coil  to  only  probe  the  JHe  confined  in  the  glass 
making  subtraction  of  a bulk  signal  unnecessary  in  the  analysis.  With  this  cell, 
NMR  and  flow  could  be  performed  simultaneously  and  resulted  in  some  interesting 
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Figure  3-6.  NMR  and  flow  of  JHe  in  Vycor  cell. 
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Figure  3-7.  Detail  of  Vycor  i 
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effects  discussed  in  Chapter  5. 


Data  Aouisition 

Both  of  the  experiments  performed  were  monitored  with  a Hewlett-Packard 
9845A  microcomputer.  The  computer  was  used  in  a passive  data  logger  capacity 
instead  of  as  an  active  controller  of  the  experiment  to  keep  inherent  noise  generated 
by  its  digital  circuitry  out  of  the  sensitive  low  temperature  environment.  This  was 
accomplished  by  having  all  analog  outputs  from  the  sensitive  measuring  electronics 
sent  through  the  shielded  room  wall  via  low  pass  filters.  The  dc  voltages  resulting 
from  the  lock-in  amplifiers  and  the  boxcar  integrator  were  measured  with  a 
multichannel  analog— to— digital  scanner  (HP  3421A)  which  could  be  read  via 
GP-IB  by  the  computer.  The  scanner  has  a computer  controllable-switch  which 
allowed  the  computer  to  fire  the  ’He  NMR  at  preselected  times  branching  the  data 
logging  program  into  its  measurement  subroutine.  Another  nice  feature  of  this 
automated  data  aquisition  system  was  a remote  access  capability  from  a home 
computer  with  a modem.  This  allowed  for  late-night  peace  of  mind  by  transmitting 
the  last  ten  data  points  when  called  up.  As  a safety  measure,  this  remote  feature 
allowed  no  active  control  of  the  host  computer,  but  merely  caused  a data  dump 
subroutine  to  be  invoked  when  the  modem  connection  was  made.  Because  of  the 
vintage  and  hence  questionable  reliability  of  the  lab  computer  (purchased  in  1978) 
this  feature  saved  several  data  sets  from  oblivion. 


CHAPTER  4 

ULTRASOUND  RESULTS  IN  LIQUID  >He 


Introduction 

This  chapter  presents  measurements  of  ultrasonic  attenuation  and  velocity  in 
normal  and  superfluid  >He  which  will  then  be  compared  with  the  Landau  theory  of 


First,  an  explanation  of  spurious  attenuation  satellite  peaks  in  superfluid  »He-B, 
first  reported  by  Paulson  and  Wheatley  (1978),  and  a method  for  their  removal  will 
be  presented. 


Ultrasonic  attenuation  and  velocity  were  measured  in  liquid  9He  as  a 
function  of  temperature  and  pressure  by  pulsing  5 MHz  quartz  piezoelectric  crystals 
in  a variable  volume  cell  described  earlier.  The  pressure  of  the  !He  was  monitored 
with  a beryllium-copper  capacitive  strain  gauge  and  used  in  a feedback  loop  to 
regulate  the  pressure  by  varying  the  volume  of  the  cell.  This  was  accomplished  with 
a dual  bellows  compressor  using  a 'He  filled  drive  bellows  connected  to  a bomb  with 
a heater  controlled  by  the  pressure  measuring  feedback  loop  (see  chapter  3).  Thi6 
setup  allowed  the  pressure  to  be  regulated  to  within  1 x 10~” ^ and  hence,  due  to  the 
strong  pressure  dependence  of  the  JHe  sound  velocity,  provided  an  increase  in  the 
precision  of  the  velocity  determination. 

The  measurements  were  made  by  propagating  2 p s long  pulses  of  coherent  5 
MHz  tonebursts  between  two  X-cut  quartz  crystals.  The  helium  sample  was 
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second  symmetric  Landau  parameter, 


S3 


defined  by  an  epoxy  spacer  with  a cold  length  of  6.25  mm  and  5.0  mm  inside 
diameter  separating  the  two  quartz  transducers.  The  amplitude  and  phase  relative 
to  a reference  oscillator  were  measured  from  the  first  received  sound  pulse,  thus 
giving  the  relative  attenuation  and  phase  velocity  of  the  »He.  This  is  ordinarily  a 
very  straightforward  technique,  however,  unusual  attenuation  peaks  were  seen  in 
this  experiment  and  needed  to  be  understood  and  accounted  for  to  obtain  the  true 
behavior  of  the  JHe. 

As  liquid  sHe  is  cooled  through  the  superfluid  transition,  the  expected 
behavior  (see  chapter  2)  for  ultrasound  attenuation  at  this  frequency  is  a large 
absorption  peak  at  T due  to  pair  breaking  and  then  a monotonic  decrease  to  an 
asymptotic  value  at  T=0  (this  does  not  include  the  known  collective  modes  which 
are  obscured  in  the  pair  breaking  peak  at  this  low  frequency).  Figure  4-1  shows  the 
raw  amplitude  as  a function  of  temperature  for  this  experiment.  The  unusual 
oscillations  seen  are  similar  to  those  first  reported  by  Paulson  and  Wheatley  (1978) 
and  later  seen  by  other  workers  (Gianetta,  1980;  Melsel,  1983).  The  peaks  are 
equally  spaced  when  plotted  versus  (l-T/T^1'2  in  all  of  the  experiments  where 
they  are  seen,  but  the  number  of  the  peaks  and  their  absolute  spacing  differs. 
Obviously,  a spurious  apparatus  dependent  effect  is  disturbing  the  measurement  and 
must  be  accounted  for. 

In  all  pulsed  ultrasound  experiments,  the  exciting  transmitter  pulse  is  usually 
on  the  order  of  volts  in  amplitude.  At  the  same  time,  the  receiver  circuitry  is 
sensitive  to  the  small  voltage  fluctuations  of  the  piezoelectric  crystal  and  thus  can 
easily  pick  up  stray  electromagnetic  energy  from  the  transmitter.  This  so  called 
feeithru  signal  is  always  present  and  efforts  to  minimize  it  are  made  by  proper 
shielding.  In  the  case  of  this  experiment,  this  feedthru  signal  causes  a persistent 
ringing  in  the  receiver  that  is  present  when  the  actual  transn 
arrives.  The  effect  of  this  mixing  is  most  clearly  visualized  as 
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Figure  4-1.  Raw  zero-sound  amplitude  below  T . 
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phasors  Totaling  at  frequency  ui  (see  figure  4-2).  The  magnitude,  D(T),  of  the 
resulting  detected  signal  is  given  by 

|D(T)|  = |A(T)|’+  | C|*  + 2| A(T)|  |C|cos  (p(T)  (4.1) 

where  A is  the  pure  !He  sound  signal,  C is  the  electromagnetic  feedthru  signal,  and 
Ip  is  the  relative  phase  angle  between  A and  C.  The  temperature  dependence  of  the 
interference  term  is  due  solely  to  the  variation  of  the  sound  velocity  and  the 
attenuation  of  the  ’He  below  T , since  the  amplitude,  C,  and  phase  of  the 
electromagnetic  signal  are  independent  of  temperature.  This  term  produces  one 
undulation  (or  maximum)  on  the  detected  signal  whenever  *<T)  varies  by  2*  as  the 
sound  velocity  changes  with  temperature.  Since  at  a given  pressure  this  velocity  has 
a roughly  (1-T/T^1/2  temperature  dependence,  the  undulations  are  approximately 
evenly  spaced  on  such  a temperature  scale.  The  phase  change,  however,  is 
dependent  on  the  sound  path  length  and  frequency  causing  the  maxima  spadngs  to 
be  apparatus  dependent.  For  different  sound-cell  configurations,  the  phase  changes 

Av=(V  yW^fo  (42) 

where  1 and  v are  the  sound  path  length  and  frequency,  respectively.  For  the  path 
length  of  6.25  mm  in  this  experiment  compared  to  Paulson  and  Wheatley’s  length  of 
12.7  mm,  at  identical  frequencies,  half  as  many  satellites  with  approximately  twice 
the  spacing  were  observed.  Using  our  simultaneously  performed  velocity 
measurements  to  obtain  the  phase  angle  changes  and  scaling  with  the  above 
relation,  these  peak  positions  correspond  to  those  of  Paulson  and  Wheatley  to 
within  0.2%. 
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Figure  4-2.  Phasor  representation  of  coherent  addition  of  feedthru  signal. 


Now,  because 


independently  measure  enough  parameters  in  equation  (4.1)  to  determine  the  actual 
signal  amplitude,  |A(T)|,  and  hence  the  actual  attenuation.  Simultaneous  phase 
change  measurements  using  a high  gain  phase-docked  loop  (described  in  Chapter  3) 
provided  y(T).  To  obtain  |C|,  the  magnitude  of  the  feedthru  signal,  it  is  only 
necessary  to  bring  the  !He  to  a temperature  such  that  ansi,  where  u is  the  sound 
frequency  and  r is  the  quasiparticle  collision  time.  In  this  regime,  ordinary  first 
sound  cannot  propagate  and  the  collisionless  limit  for  zero  sound  is  not  yet  attained. 
So,  no  sound  propagates  through  the  3He  and  all  that  is  received  is  the  feedthru 
signal  C.  As  a verification  of  the  temperature  independence  of  C,  it  can  be 
measured  at  low  pressure  at  the  attenuation  maximum  of  the  superfluid  near  Tc 
where  it  is  found  to  be  constant  for  this  factor  of  ~10  in  temperature.  Figure  4-3 
shows  the  amplitude  of  the  received  sound  pulse  as  a function  of  temperature  both 
before  and  after  the  removal  of  the  interference  effect  showing  the  true  monotonic 
behavior  of  the  superfluid  JHe— B attenuation  as  T-*0. 

Figure  4-4  is  a plot  of  velocity  and  attenuation  relative  to  the  values  at  Tc 
versus  T/T  for  five  pressures.  The  monotonic  behavior  below  the  attenuation  peak 
near  Tc  is  theoretically  expected  (Wfilfle,  1978).  Both  quantities  approach 
temperature  independent  asymptotes  by  T/Tc  = 0.4.  These  asymptotic  values  can 
now  be  compared  with  theoretical  predictions  for  the  fully  developed  superfluid 
condensate  (see  Chapter  2). 

The  relative  velocity  change  is  measured  as  a change  of  phase  of  the  received 
pulse  as  compared  to  a reference.  Thus,  it  is  not  an  absolute  measurement  with  this 
technique  and  must  use  an  independent  determination  of  the  velocity  as  a 
calibration.  The  data  displayed  in  Figure  4-4  is  plotted  as  versus  T,  where 
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Figoie  4-3.  Zero-sound  amplitude  belov  Tc:  Raw  (points),  interference  removed 


0.4  0.6  0.8  1.0 


Figure  4-4.  Zero-sound  velocity  and  i 
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c is  the  zero  sound  velocity  at  Tc-  This  is  convenient  w 
behavior  in  the  superfluid;  however,  measurement  relative  to  the  ordinary  first 
sound  velocity,  c , facilitates  more  direct  comparisons  to  the  Landau  Fermi  liquid 
theory.  To  do  this,  the  phase  of  the  sound  pulse  must  be  tracked  continuously  &om 
the  temperature  independent  first  sound  region  at  high  temperature,  through  the 
changeover  to  zero  sound  when  wr=  1,  and  finally  through  into  the  low 
temperature  asymptote  (see  figure  2-1).  As  mentioned  earlier,  the  sound  signal  is 
lost  in  the  high  attenuation  region  where  iur=l  and  just  below  T£,  however,  when 
the  phase-locked  loop  arrangement  unlocks,  it  always  re-locks  within  a multiple  of 
2sr  when  the  signal  returns.  Thus,  it  is  not  difficult  to  keep  track  of  the  change  in 
velocity  over  the  entire  temperature  range  because  the  overall  behavior  of  the  sound 
is  already  known. 

With  the  velocity  measured  relative  to  c , comparisons  with  theory  can  be 
made.  One  prediction  is  that  the  velocity  of  zero  sound  in  the  fully  developed 
superfluid  condensate  will  return  to  the  hydrodynamic  value  as  a result  of  the  zero 
temperature  density  mode  (see  Chapter  2).  Figure  4-5  shows  the  zero-temperature 
asymptotic  velocity  relative  to  c^  plotted  against  pressure.  The  velocity  was  found 
to  approach  c within  the  experimental  precision.  Note  that  the  error  in  these 
points  is  greater  than  the  1 part  in  105  capability  of  the  measurement  system.  This 
is  mainly  due  to  the  measured  voltages  proportional  to  these  velocities  being  very 
near  zero.  At  0.32  bar  the  sample  did  not  cool  fully  into  the  asymptotic  region  so 
that  an  extrapolation  was  necessary,  resulting  in  increased  error.  In  addition  to 
confirming  the  above  theoretical  prediction,  because  the  velocity  is  identical  to  that 
of  first  sound  in  the  normal  Fermi  liquid,  the  bulk  compressibility  and  density  thus 
remain  constant  to  zero  temperature,  in  spite  of  the  intervention  of  the  superfluid 
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Figure  4-5.  Percent  difference  between  first  sound  velocity  (ci)  and  T=0 


be  deduced  from 


The  second  symmetric  Landau  parameter,  can 
difference  in  first-  and  zero-sound  velocities.  If  higher  order  Landau  parameters 
are  ignored  (see  Chapter  2),  then 


(4.3) 


where  is  the  1=0  symmetric  Landau  parameter  obtained  from  other  experiments. 
Pure  zero  sound  is  realized  in  the  limit  on  »1.  Thus,  for  sufficiently  high 
frequency  the  zero-sound  velocity,  c , can  be  measured  in  the  normal  liquid  just 
above  T . However,  for  the  5 MHz  sound  used  in  this  experiment,  at  T£  and  high 
pressure  this  is  not  the  case  (e.g.  at  34  bars  on^3).  Therefore,  the  velocity  at  T£  is 
somewhat  less  than  c and  corrections  for  finite  on  must  be  invoked.  For  arbitrary 
frequencies  the  velocity  of  sound  is  given  by  (Wolfie,  1978) 


c = Ci  + (co-ci)Re(M,  (4.4) 

where 

(M  = (1  + i/onj-1, 

and  ra  is  the  characteristic  relaxation  time  for  sound  attenuation.  The  desired 
difference  in  the  zero-  and  first-sound  velocities  may  be  then  written 


(4.5) 


where  c is  the  actual 


sured  velocity.  This 
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pressure  where  it  is  “12  % and  insignificant  at  low  pressure  where  is  ~0.1  %.  The 
value  of  ut  at  T as  a function  of  pressure  was  obtained  from  r^T1  data  tabulated 
by  Wheatley  (1975)  where  r is  the  characteristic  relaxation  time  for  viscosity. 
Though  this  is  not  the  true  quantity  in  the  above  expression,  there  is  a very  great 
lack  of  data  on  t . Comparisons  of  tq  measurements  (Abel  et  al.,  1966;  Paulson  et 
al.,  1973;  Ketterson  et  al.,  1975)  with  those  of  r show  them  to  be  equal  to  within 
5%,  but  because  the  r data  completely  cover  the  full  pressure  range  they  were  used 
in  the  correction  in  place  of  r . 

Because  the  velocity  was  found  to  return  to  c at  the  lowest  temperatures  in 
the  superfluid,  the  precision  in  the  determination  of  could  be  increased  by  taking 
the  phase  difference  from  this  asymptote  and  that  at  T£  to  obtain  (c  — cj/c^ 
Figure  4-6  is  a plot  of  (c  - c )/c  vs.  pressure.  The  points  are  the  measurements 
corrected  for  finite  ut  and  the  curve  is  the  theory  with  F*=0  and  F8  as  scaled  by 
specific— heat  measurements  of  Greywall  and  Busch  (1982).  Thus,  the  deviation  of 
the  points  from  the  curve  is  a measure  of  F8. 

Figure  4-7  is  a plot  of  F8  vs  pressure.  The  points  are  the  determinations 
from  this  experiment  as  given  by  equation  (4.3).  The  curve  is  a least-squares  fit 
that  has  no  actual  physical  motivation,  but  is  given  as  an  aid  in  calculations 
involving  F8.  This  fit  is  a cubic  in  P1/2: 

F8  = -1.264  + 0.896  P1/2  - 0.187  P + 0.0163  P3/2  (4.6) 

Figure  4-8  is  a plot  of  F8  as  calculated  from  these  velocity  data,  but  using 
the  older  values  of  F8  found  in  the  Wheatley  review  article  (1975).  This  was  done 
to  facilitate  comparison  with  previous  determinations  of  F8,  but  it  also  shows  the 
sensitivity  of  F8  to  m /m  determinations.  As  can  be  seen,  good  agreement  is  found 
with  earlier  work  in  which  F8  was  obtained  from  longitudinal  velocity  measurements 
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Pressure(bar) 


Figure  4-6.  Difference  of  first—  and  zero— sound  velocities  vs.  pressure.  Curve  is 
theory  with  F*=0. 


66 


Pressure (bar ) 


Figure  4-7.  f*  vs.  pressure  using  F®  from  Greywall  and  Busch  (1982). 
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Figure  4-6.  f|  vs.  pressure  as  determined  by  various  workers  with  F?  from 
Wheatley  (1975).  This  work,  diamonds:  Abel  et  al.  (1966),  squares;  Ketterson  et  al. 
(1975),  triangles;  Nara  et  al.  (1981),  inverted  triangles. 
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(Abel  et  al.,  1866;  Paulson  et  al.,  1973;  Ketterson  et  al.,  1975).  However,  more 
recent  values  (Nara  et  al.,  1981)  obtained  from  absolute  attenuation  measurements 
are  not  consistent  with  these  results. 

For  certain  values  (Milliken  et  al.,  1981)  of  Landau  parameters,  a transverse 
zero-sound  (TZS)  mode  is  predicted  to  exist: 

F®  + 3f*/(l  + 1^)  > 6 (4.7) 

Various  attempts  (Roach  and  Ketterson,  1976;  Flowers  et  al.,  1976)  to  detect  this 
mode  by  acoustic  impedance  techniques  have  resulted  in  determinations  of  F*  which 
are  mostly  negative,  except  at  very  low  pressure.  Figure  4-9  is  a plot  of  F®  as 
deduced  from  transverse  impedance  measurements  vs.  pressure  along  with  the 
values  obtained  from  this  experiment.  The  values  from  this  work,  with  the  above 
expression,  would  preclude  the  existence  of  TZS  al  pressures  below  3.4  bars  (using 
scaled  values  of  F®  (Greywall  and  Busch,  1982)).  Another  feature  of  the  TZS 
determinations  of  F®  is  that  they  appear  to  be  frequency  dependent.  The  above 
circumstances  lead  to  the  conclusion  (Flowers  et  al.,  1976)  that  these  acoustic 
impedance  measurements  cannot  be  analyzed  as  pure  TZS,  casting  doubt  on  their 
determinations  of  F®. 


Conclusions 

The  fact  that  sound  velocity  approaches  c,  as  T-4)  indicates  that  there  is  no 
change  in  the  density  or  compressibility  due  to  the  formation  of  the  superfluid  and 
that  the  theoretically  expected  density  mode  exists.  The  precise  values  of  F® 
determined  here,  though  still  very  dependent  upon  determinations  of  other  Landau 
parameters,  can  be  used  to  better  calculate  the  responses  and  properties  of  normal 
and  superfluid  3He.  Because  the  method  used  for  their  deduction  did  not  require 
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Figure  4-9.  Transverse  sound  determinations  of  Fj.  • This  work,  ■ Lea  et  al. 
(1977),  * Milliken  et  al.  (1976),  X Roach  and  Ketterson  (1976). 


70 

any  absolute  measurements  of  velocity  or  temperature  determinations,  these  values 
may  easily  be  adjusted,  in  the  future,  as  more  precise  measurements  of  the  other 
Landau  parameters  are  obtained. 


CHAPTER  5 

NMR  MEASUREMENTS  OF  "He  IN  VYCOR 


Introduction 

This  chapter  presents  nuclear  magnetic  resonance  measurements  performed 
on  liquid  JHe  confined  in  the  pores  of  Vycor  glass  and  cooled  to  very  low 
temperatures.  Vycor  (Corning  Glass)  is  manufactured  as  a two  component  glass  for 
ease  of  handling.  Prior  to  final  firing,  one  of  the  components  is  add  leeched  out 
leaving  multiply  connected  voids  on  the  order  of  20-60  A.  It  is  the  glass  at  this 

systematically  acquired  as  a function  of  temperature,  pressure  and  magnetic  field. 
The  magnetic  susceptibility,  x . and  transverse  dephasing  time,  rj,  were  determined 
from  computer  least-squares  fits  to  the  digitized  free  induction  decay  (FID).  Using 
a simple  model  to  account  for  the  frequency  dependence  of  rj|,  *he  actual  spin-spin 
relaxation  time,  r„,  is  deduced.  In  addition,  the  spin-lattice  relaxation  time,  Tj, 
was  obtained  as  a function  of  temperature  at  5 bar. 

To  overcome  bandwidth  limitations  of  the  digital  transient  recorder,  the  free 
induction  decay  (FID)  response  of  the  confined  >He  spins  in  Vycor  was  linearly 
detected  (see  chapter  3).  The  resulting  envelope  was  digitized  after  a Bmall  (<  10°) 
tipping  pulse  at  the  Larmor  frequency.  The  captured  data  were  then  transferred  to 
the  computer  for  online  analysis  and  recording.  Using  a variation  of  the  generalized 
least-squares  curve  fitting  routine  CURFIT  (Bevington,  I960),  a single  decaying 
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S(t)  = A 


(5.1) 


e-*/T2 

was  fit  to  the  FID  envelope  with  t=0  defined  as  the  end  of  the  transmitter  pulse. 
Due  to  amplifier  saturation  from  the  incompletely  canceled  transmitter  pulse,  the 
first  ~100  ps  interval  of  the  FID  was  lost  in  the  recovery  time  of  the  electronics  (see 
figure  5-1).  Hence,  to  obtain  the  proper  susceptibility,  x . the  computer  fit  was 
extrapolated  to  its  t=0  value.  With  typical  decay  constants  on  the  order  of  800  ps, 
there  was  plenty  of  usable  signal  on  which  to  perform  these  fits.  The  decays  were 
indeed  fit  very  well  with  a single  exponential  as  can  be  seen  in  Figure  5-1.  In  this 
way,  any  affect  on  x due  to  variations  of  tJ  with  temperature  or  magnetic  field  is 
avoided.  The  inability  to  have  captured  signal  at  the  very  early  received  times 
meant  the  loss  of  any  quickly  decaying  resonance  signals  from  the  tightly  bound  3He 
spins  directly  at  the  surfaces.  In  an  effort  to  find  any  missing  signal,  continuous 
wave  NMR  was  performed  and  the  lineshape  analysed.  Figure  5-2  is  a typical 
sweep  with  a Lorentzian  lineshape  fit  to  it.  If  there  were  any  significant  signal  with 
a very  broad  line,  it  would  have  appeared  as  a contribution  in  the  wings  of  the 
Lorentzian.  The  quality  of  the  fit  implies  that  any  signal  present  6om  tightly 
bound  Bpins  is  indeed  very  broad  and,  therefore,  not  easily  detected  with  our 
spectrometers.  This  caused  no  problems  for  the  study  of  the  ferromagnetically 
enhanced  boundary  layers  with  their  exchange  narrowed  linewidth. 

The  procedure  to  attain  the  data  was  straightforward,  thus  allowing 
unattended  computer  aquisition.  The  nuclear  cooling  stage  was  precooled  to  * 24 
mK  in  a magnetic  field  of  8.5  Tesla.  A demagnetization  to  96  mT  was  performed 
over  a period  of  12  hours  to  attain  the  lowest  possible  temperature,  but  leave 
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Figure  5-1.  Digitised  free  induction  decay  envelope  and  least  squares  fit. 
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Figure  5-2.  Digitized  CW-NMR  line  with  Lorentzian  fit. 


slow  warmup.  Under  these 
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enough  heat  capacity  in  the  Cu  bundle  to  allow  a 
conditions,  the  8He  could  be  cooled  to  ~0.3  mK  and  would  warm  under  the  residual 
heat  leak  at  a rate  of  ~ 20  pK/h.  The  Pt  thermometer  was  pulsed  every  15  minutes, 
1 minute  prior  to  the  ’He  NMR  pulse.  When  the  system  approached  the  transition 
temperature  of  the  bulk  superfluid,  Tc,  the  ultrasound  cell  was  activated  in  order  to 
obtain  a fixed  point  calibration  for  the  Pt  thermometer.  As  the  bulk  fluid  went 
through  the  transition,  an  easily  distinguishable  drop  in  the  sound  amplitude  was 

The  thermal  time  constant  of  the  !He  in  the  Vycor  was  determined  to  be  ~lh 
by  watching  the  recovery  of  the  susceptibility  after  administering  a large  heat  pulse. 
Figure  5-3  shows  the  response  of  the  NMR  signal,  measured  with  small  angle 
tipping  pulses,  as  a function  of  time  after  a 90°  pulse  at  ~ 0.5  mK.  It  is  not  dear 
where  the  source  of  this  rf  heating  is  actually  coming  from  in  response  to  the  large 
pulse,  however,  the  >He  spins  respond  very  quickly  indicating  that  the  Vycor  itself  is 
warming.  A single  exponential  with  a time  constant  of  one  hour  fits  the  data  well. 
Thus,  at  the  above  stated  warming  rate,  the  various  probes  (Pt  thermometer, 
ultrasound  cell)  are  all  in  good  thermal  equilibrium  with  the  NMR  cell. 


The  susceptibility  as  a function  of  temperature  below  10  mK  is  shown  for  six 
pressures  in  figures  5-4a-f.  Because  x was  inversely  proportional  to  temperature, 
the  amplitude  of  the  NMR  response  would  change  by  a factor  of  ~100  over  the 
temperature  range  0.3  mK  < T < 30  mK.  To  keep  the  signal  within  the  linear 
operating  range  of  the  amplifier  chain,  step  increases  in  the  transmitter  power  (and 
hence  tipping  angle)  were  periodically  performed  as  the  sample  warmed.  Constant 
temperature  tests  of  NMR  response  versus  power  indicated  no  unusual  tipping  angle 
dependence.  In  the  analysis  of  the  susceptibility  versus  temperature,  discontinuities 
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Figure  5-3. 
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Figure  5-4a. 


ity  vs.  temperature  at  0 bars. 
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Figure  5-4b. 


ity  vs.  temperature  at  2 bars. 
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Figure  5-4c.  Inverse  susceptibility  vs.  tempera 
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Figure  5-4d.  Inverse  susceptibility  vs.  temperature  at  5 bars. 
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Figure  S-4e.  Inverse  susceptibility  vs.  temperature  at  7 
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due  to  power  changes  were  accounted  for  by  scaling  with  the  ratio  of  the  magnitudes 
just  before  and  after  the  change.  Because  of  the  very  slow  wanning  rate,  these 
different  power  points  were  at  essentially  the  same  temperature  and  thus  the  final 
scaled  data  fell  on  a very  smooth  curve.  Any  tipping  angle  dependence  would  have 
appeared  as  a discontinuous  change  of  slope  in  these  data. 

The  resulting  x vs.  T data  were  fit  very  well  by 


which  is  a Curie-Weiss  law  with  the  addition  of  a temperature  independent  term, 
indicative  of  a degenerate  Fermi  liquid  (see  figure  5 — S).  As  the  pressure  of  the 
bulk  liquid  <He  feeding  the  Vycor  rod  from  both  ends  is  changed,  the  values  of  the 
Curie  constant,  C,  the  Weiss  temperature,  0,  and  Xp  also  change.  However,  because 
the  NMR  response  is  dependent  on  several  uncontrollable  factors,  i.e.  Hfl 
homogeneity,  Hj  homogeneity,  amplifier  gain,  etc.  the  magnitude  of  x cannot  be 
determined  absolutely.  This  fact  only  affects  the  determination  of  C and  Xp 
because  S depends  only  on  the  temperature  scale.  In  many  other  confined  geometry 
experiments  (see  chapter  2),  the  pore  size  and  geometry  are  such  as  to  allow  a large 
amount  of  bulk  liquid  to  be  present.  In  many  respects  this  presents  a problem  when 
trying  to  decipher  contributions  from  walls,  confining  pores,  bulk  liquid  and  the 
presence  of  superfluid.  However,  in  one  respect  it  can  be  used  to  an  advantage  If 
the  NMR  signal  from  the  ferromagnetically  enhanced  surface  *He  is  a small 
contribution  compared  to  the  bulk,  then  at  a high  enough  temperature  (-100  mK) 
the  sample  will  behave  entirely  bulk-like  and  x <”11  be  temperature  independent. 
This  then  is  an  in-situ  standard  for  calibration  of  the  magnitude  of  x-  Thus,  when 
the  pressure  is  changed,  C and  Xp  can  be  compared  by  relating  to  the  bulk  value. 
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Figure  5-5.  Typical  Curie-Weiss  fit  to  x 1 vs.  T. 
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In  the  Vycor  cell  used  in  this  experiment,  the  above  procedure  will  not  work. 
The  susceptibility  is  found  to  vary  as  ~ 1/T  from  the  lowest  temperatures 
continuously  to  2 K (see  fig.5-6).  There  is  no  bulk  liquid  behavior,  which  in  one 
sense  is  good  since  we  can  probe  the  truly  confined  JHe,  but  we  therefore  cannot 
compare  x to  anything  in— situ.  Thus,  to  compare  the  Curie  constant  as  a function 
of  pressure,  we  must  rely  on  the  electronics  having  stable  behavior  from  one 
pressure  to  the  next,  which  for  the  range  covered  took  several  months. 
Unfortunately,  this  proved  to  be  impossible. 

One  parameter  that  can  be  determined  with  high  precision  is  the  Weiss 
temperature,  0.  On  a plot  of  i vs.T,  0 is  the  T intercept  (see  figure  5-5).  It, 
therefore  is  independent  of  the  absolute  magnitude  of  x and  is  affected  only  by  the 
accuracy  of  temperature  determination.  Because  expression  (5.2)  fits  the  data  so 
well  over  the  entire  temperature  range  and  because  the  sample  was  cooled  so  closely 
to  the  extrapolated  transition  temperature,  the  uncertainty  of  0 was  < 10  % Figure 
5-7  shows  the  Weiss  0 versus  pressure.  The  6 is  always  positive  indicating  a 
ferromagnetic  tendency  and  varies  from  0.13  mK  at  0 bar  to  0.28  mK  at  9 bar. 
Unfortunately  the  data  stops  at  9 bar  due  to  weaknesses  in  the  epoxy  cell  body. 

Spin-Lattice  Relaxation 

The  spin-lattice  relaxation  time,  Tj  was  measured  at  a pressure  of  1.1  bar 
and  a magnetic  field  of  286  Gauss.  The  data  as  a function  of  temperature  appear  in 
figure  5-8.  The  monotonically  increasing,  nearly  linear  behavior  is  similar  to  other 
measurements  of  restricted  »He  (Kelley  and  Richardson,  1974;  Godfrin  et  al.,  1978). 
In  the  interest  of  looking  for  magnetic  coupling  to  spins  within  the  substrate  as  seen 
in  the  experiments  on  fluorocarbon  microspheres  (Friedman  et  al.,  1981),  the 
magnetic  field  was  adjusted  to  the  Larmor  resonance  for  Si  (Vycor  is  predominantly 
SiOj).  Figure  5-9  shows  the  time  recovery  of  the  silicon  signal  after  saturation  at 
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Figure  5-6.  Inverse  susceptibility  vs  T.  to  high  temperature. 
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Figure  5-7.  Weiss  temperature,  9,  vs  pressure. 
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Figure  5-8.  Spin-lattice  relaxation  tin 


. , vs.  temperature. 


Figure  5-9.  Susceptibility  of  Si  vs.  time  used  to  determine  the  spin  lattice 
relaxation  time,  r,,  of  Si  spins  in  the  Vycor  glass. 
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20  mK.  An  exponential  fit  gives  a Tj  on  the  order  of  10 
appear  to  be  very  fast  for  the  relaxation  of  a glass  at  these  low  temperatures, 
however,  it  is  still  very  long  compared  to  Tj  of  the  'He,  which  is  on  the  order  of  tens 
of  milliseconds.  Thus,  the  large  surface  area  does  reduce  the  relaxation  time  of  the 
Si  spins,  but  no  evidence  for  direct  magnetic  coupling  was  seen. 


The  time  constant  of  the  free  induction  decay,  tJ,  is  a measure  of  the 
dephasing  time  of  the  spins  after  being  coherently  excited  with  the  transmitter 
pulse.  This  measured  time,  however,  is  affected  by  both  the  inherent  microscopic 
dynamics  of  the  system  as  governed  by  the  spin-spin  relaxation  time,  Tj,  as  well  as 
magnetic  field  inhomogeneities  which  cause  different  parts  of  the  sample  to  precess 
at  different  frequencies.  In  order  to  obtain  a meaningful  and  apparatus  independent 
measure  of  the  intrinsic  t2,  this  field  inhomogeneity  effect  must  be  accounted  for. 
The  traditional  approach  in  pulsed  NMR  is  to  use  a variation  of  a 90°— 180°  pulse 
sequence  to  obtain  a spin  echo  which  removes  the  effect  of  the  external  field 
inhomogeneity  by  rephasing  the  spins  that  were  dephased  by  the  field  gradient. 
Unfortunately,  as  pointed  out  previously,  at  the  very  low  temperatures  of  this 
experiment,  the  rf  heating  due  to  large  pulses  causes  severe  problems.  Thus,  an 
alternative  method  had  to  be  devised. 

Deduction  of  Spin-Spin  Relaxation  Time,  r». 

In  a homogeneous  medium  in  an  inhomogeneous  magnetic  field,  the  measured 
dephasing  time  can  be  written  as 


• = -i—  + 7AH 


(5.3) 
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where  Tj  is  the  actual  spin-spin  relaxation  time,  7 is  the  gyromagnetic  rat 
AH  is  the  field  deviation  over  the  sample.  This  expression  can  be  rewritten  in 
terms  of  frequency  as 


where  AH/H  is  now  the  fractional  deviation  of  the  field.  From  this  relation  it  is 
possible  to  extract  t2  directly  from  the  frequency  dependence  of  if  this  linear 
behavior  of  the  inverses  hold.  Figure  5-10  displays  versus  temperature  at  five 
afferent  frequencies  at  a pressure  of  5 bar.  There  is  obviously  a strong  temperature 
dependence  which  itself  depends  on  the  measuring  frequency  for  the  sign  of  the 
behavior.  From  the  raw  data  it  is  not  obvious  that  equation  (5.4)  is  applicable; 
however,  constant  temperature  slices  on  figure  5-10  were  taken  and  [rjJ  ' vs.  u 
plotted  in  figure  5-11.  The  surprising  resat  is  that  this  quantity  has  a linear 
behavior  at  all  temperatures  as  in  equation  (5.4),  but  with  temperature  dependent 
slopes  and  intercepts.  Ordinarily,  the  — ^—  term  is  determined  by  the  quality  of 
the  externa  magnet  and  is  therefore  temperature  independent.  The  fact  that  it  is 
temperature  dependent  in  these  data  implies  that  the  ’He  is  somehow  affecting  the 
field  homogeneity  at  low  temperature. 

To  understand  this  dependence,  vs.  T is  plotted  in  figure  5-12.  A 
least-squares  fit  of  the  form 


is  shown  as  the  solid  curve  and  fits  very  well.  The  first  term  has  the  same 
temperature  dependence  as  the  ’He  susceptibility  where,  to  within  the  precision  of 
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Figure  5-10.  Spin  dephasing  time,  rj,  vs  T for  five  frequencies. 
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Figure  5-11.  Inverse  of  rj  vs.  frequency  displaying  linear  beha 
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Figure  5—12.  Effective  field  inhomogeneity  vs.  temperature. 
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these  data,  9 is  the  same  Weiss  temperature  as  found  for  x ■ Hence,  the  highly 
polarised  >He  spins  are  disturbing  the  overall  effective  field  homogeneity.  This  is 
easily  understood  when  considered  in  the  light  of  frequency  shift  measurements  of 
»He  in  Grafoil  (Bosler  et  al.,  1983).  As  described  in  chapter  2,  Grafoil  is  an 
exfoliated  graphite  which  has  very  well  defined  parallel  planes.  The  >He  in  the 
surface  magnetic  state  then  sees  a fixed  relationship  between  the  surface  normal  and 
the  direction  of  the  external  field.  When  the  spins  become  highly  polarized,  the 
local  magnetic  field  that  a !He  spin  experiences  is  changed  and  the  Larmor 
frequency  is  shifted.  The  magnitude  of  this  shift  depends  on  the  relative  orientation 
of  the  surface  and  the  external  field  as  seen  in  figure  2-6  from  the  work  of  Bosler  et 
al.,  1983.  Now  in  Vycor,  there  is  no  fixed  relationship  of  the  surface  normal  and  the 
field.  The  randomly  oriented  pore  walls  then  give  a spread  in  frequencies,  or 
effectively  a line  broadening,  and  thus  the  measured  field  homogeneity  degrades  as 
the  spins  become  more  highly  polarized.  As  a consistency  check  of  this 
interpretation,  the  extrapolated  high  temperature  value  of  ^ should  be  that  for 


bulk  liquid  *He  in  this  magnet. 

With  the  above  consistent  analysis,  the  interpretation  of  the  y-intercept 
term  as  (Tj)  is  certainly  valid.  The  apparatus  dependent  and  polarization  effects 
have  therefore  been  accounted  for  and  the  true  spin-spin  relaxation  behavior 


the  external  magnet  without  any  effect  of  the  sHe.  Indeed, 


previously  determined  by 


width 


ws  r2  vs.  T with  the  solid  curve  bang  a least-squares  fit 


(5.6) 


obtained.  Figure  5-13  shov 


Figure  5-13.  Deduced  true  spin-spin  relaxation  time, 


s.  temperature. 


his  6 is  the  Weiss  temperature 


Again,  to  within  the ' 
measured  with  susceptibility,  but  the  precision  of  this  determination  is  nowhere 
near  that  as  from  X-  So  the  intrinsic  r2  increases  as  the  temperature  is  lowered 
leading  to  a nanowing  of  the  NMR  line.  It  is  now  clear  where  the  puzzling 
frequency-temperature  dependence  of  rj  is  coming  from.  The  polarization  is 
degrading  the  field  homogeneity  and  causing  the  line  to  broaden  (tJ  decreases). 
This  effect  is  weighted  by  the  NMR  frequency  since  rj  is  the  dephasing  time  of  the 
processing  spins,  i.e.  at  a given  temperature  the  spins  get  out  of  phase  in  the  same 
number  of  cycles  regardless  of  the  frequency,  but  the  time  to  dephase  decreases  as 
the  frequency  is  increased.  At  the  same  time,  the  intrinsic  linewidth  is  decreasing 
(r2  increases)  leading  to  a competition  of  terms  in  equation  (5.4).  Figure  5-14 


equation  (5.4)  to  produce  the  solid  curves.  The  fits  have  no  additional  adjustable 
parameters  and  account  for  the  behavior  well.  It  is  interesting  to  note  the  almost 
total  lack  of  temperature  dependence  of  the  345  kHz  data.  This  fortuitous 
cancellation  at  this  frequency  is  uniquely  determined  by  the  overall  homogeneity  of 
the  NMR  magnet  and  totally  masks  the  strong  temperature  dependence  of  t2- 


Another  interesting  effect  is  the  behavior  of  the  enhanced  magnetism  when 
the  !He  is  made  to  flow  through  the  Vycor.  Early  evidence  of  this  interaction  was 
observed  in  the  experiment  of  Spencer  (1986),  though  no  firm  conclusions  could  be 
drawn  due  to  the  inseparability  of  heating  effects.  Figure  5-15  displays  the 
susceptibility  as  a function  of  time  when  a pressure  head  is  impressed  across  the 
Vycor  rod.  The  differential  pressure  was  monitored  with  a Kapton  diaphragm 
manometer  capacitively  measured  with  a ratio  transformer  bridge.  The  *He  pump 
was  stroked  to  a fixed  position  and  the  liquid  allowed  to  relax  the  pressure  through 


how  the  fits  of  (r2)-1  vs.  T and 


be  recombined  using 


Figure  5-14.  Spin  dephasing  time,  tj,  vs.  T at  five  frequencies.  Curves  are 
reconstructed  behavior  from  model  described  in  text. 
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Figure  5-15.  Susceptibility  response  to  Dow. 


amount 


the  Vycor.  The  susceptibility  is  suppressed  as  the  >He  flows  by  an 
dependent  on  the  pressure  head;  however,  this  is  consistent  with  a rise  in 
temperature  in  the  Vycor  due  to  viscous  heating.  In  fact,  when  the  flow  is  halted, 
the  susceptibility  recovers  with  the  characteristic  thermal  time  constant  previously 
discussed. 

To  remove  thermal  effects  and,  thereby,  reveal  any  fundamental  relation 
between  flow  and  magnetism,  the  dephasing  time  r£  was  monitored  simultaneously 
with  the  susceptibility.  If  there  was  no  intrinsic  change  in  the  magnetic  state  due  to 
flow,  then  both  * and  would  change  by  amounts  consistent  with  a temperature 
increase.  Using  the  fit  temperature  dependences  from  the  non-flowing  data,  one 
parameter  can  be  used  as  an  in-eitu  "thermometer"  to  remove  changes  due  to 
heating  in  the  other.  In  figure  5—16,  an  Arrhenius  law  fit  to  the  nonflowing  Tj 
shown.  This  fairly  good  fit,  therefore,  allows  to  be  used  as  a measure  of  the 
temperature  of  the  ’He  actually  in  the  Vycor.  If  this  temperature  is  now  used  with 
the  previously  determined  Curie-Weiss  law  for  the  system  at  this  pressure,  the 
susceptibility,  Xm  due  to  just  thermal  effects  can  be  predicted. 

Figure  5-17  shows  the  raw  susceptibility,  x (light  points),  and  the 
normalised  difference,  = (XrX o)/*o  (dart  points),  plotted  versus  time  during  a 

50  hour  period  during  which  there  were  large  overall  temperature  changes  and  high 
flow  rates.  In  the  figure,  there  was  cooling  without  flow  (to  A);  increasing  flow  (to 

B) ;  decreasing  flow  (to  C);  more  cooling  because  the  flow  was  halted  (to  D):  and 
then  warming  without  flow.  As  is  evident  in  the  regions  without  flow  (all  but  A to 

C) ,  the  difference,  is  sero  and  unchanging  even  the  though  the  overall 
temperature  is  changing  by  large  amounts.  This  proves  that  temperature  changes 
due  to  viscous  heating  effects  in  the  flowing  liquid  can  be  successfully  removed  to 
leave  only  those  changes  due  to  an  altering  of  the  magnetic  state  by  flow.  If  there 
were  no  direct  effect  of  the  flow  on  the  *He  magnetism,  then  ^ should  remain  aero 


Figure  5-18.  Fit  of  i%  vs.  T for  use  as  in-situ  thermoter  during  flow. 
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Figure  5-17.  Flow  behavior  with  heating  effects  removed  (see  text  for  description.) 
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regardless  of  the  conditions  imposed.  Obviously,  tom  A to  C,  this  not  the  case. 
There  is  as  much  as  a 50%  reduction  of  the  susceptibility  by  flowing  the  liquid. 

In  actuality,  the  above  analysis,  while  definitely  showing  a flow  effect  on  the 
magnetism,  cannot  determine  whether  it  is  x or  ^ t*'at  '8  a®eclei*  or  ** 
only  a measure  of  the  relationship  between  these  two  parameters.  One  simple 
interpretation  is  that  the  spin  relaxation  processes  are  on  a timescale  that  is  short 
compared  to  that  of  the  Bow  and,  hence,  rj  is  not  directly  affected.  Then,  the 
reduction  of  the  susceptibility  can  arise  from  the  removal,  by  the  flow,  of  spins  from 
the  localised  surface  state  and  into  the  low  susceptibility  degenerate  liquid. 


Conclusions 

The  magnetic  susceptibility  measurements  presented  are  consistent  with  *He 
on  other  substrates  (see  chapter  2 for  a description  of  other  work).  The  pressure 
dependence  of  the  Weiss  9,  when  viewed  in  the  context  of  exchange  mechanisms, 
may  indicate  a modification  of  the  exchange  frequencies  by  the  increase  in  density. 
This  very  sensitive  dependence  should,  therefore,  be  addressed  by  theory.  In 
addition,  these  are  the  first  low  temperature  measurements  of  the  actual  spin-spin 
relaxation  time,  r . The  Curie-Weiss  like  temperature  dependence  of  r^,  with  its 
line  narrowing  as  the  temperature  is  decreased,  should  be  predictable  from  theory. 
It  is  possible  that  it  is  an  indication  of  the  dimensionality  of  the  phase  transition 
(Richards,  1976).  The  temperature  independent  value  of  r a 900  (is  above  10  mK  is 
narrowed  above  that  of  bulk  solid,  and  should,  therefore,  be  an  indirect  measure  of 
the  pertinent  exchange  frequency. 


Chapter  6 

CONCLUSIONS  AND  FUTURE  WORK 


The  experiments  presented  in  this  dissertation  explore  the  nature  of  order  in 
quantum  systems  at  very  low  temperatures.  Helium— 3 has  become  the  system  of 
choice  for  these  land  of  studies  not  only  because  of  its  rich  behavior,  but  also 
because  of  its  high  purity  and  availability.  Unlike  many  solid  state  phenomena,  the 
behavior  of  >He  at  low  temperatures  is  sample  independent  and  uncomplicated  by 
the  presence  of  impurities.  The  theory  can,  therefore,  attempt  to  account  for  the 
phenomena  that  are  fundamental  to  this  system. 

Ultrasound  in  Liquid,  jfls 

The  ultrasound  experiment  on  normal  and  superfluid  *He  resolved  the  origin 
of  a curious  apparatus  dependent  effect,  confirmed  a long  standing  theoretical 
prediction,  and  provided  improved  values  of  the  Landau  parameter  f^.  The  values 
of  f*,  presented,  while  consistent  with  earlier  determinations,  are  of  a high  enough 
precision  to  allow  a more  detailed  comparison  of  theory  and  experiment.  Many 
theoretical  predictions,  such  as  the  existence  and  location  of  order  parameter 
collective  modes  in  superfluid  JHe,  depend  upon  many  experimentally  determined 
parameters.  A precise  and  consistent  set  of  Landau  parameters  is,  therefore, 
essential  for  a meaningful  test  of  the  theory. 

One  drawback  of  the  ultrasound  experiment  was  its  relatively  low  frequency 
of  5 MHz.  Unfortunately,  due  to  apparatus  limitations,  this  could  not  be  raised.  As 
a result,  the  determination  of  the  zero-sound  velocity  had  to  be  corrected  for  finite 
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ut.  Though  this  was  not  difficult,  it  does  add  an  unnecessary  step  and,  hence, 
uncertainties.  As  a check,  the  velocity  should  be  measured  at  higher  frequencies 
(Note:  the  next  experiment  being  built  in  this  laboratory  will  have  this  capability). 

Magnetism  of  »He  in  Vvcor 

The  NMR  experiment  on  liquid  >He  confined  in  Vycor  glass  displayed  many 
interesting  and  unexpected  phenomena.  The  strong  pressure  dependence  of  the 
Weiss  0 is  suggestive  of  a change  in  the  exchange  environment  that  the  surface  spins 
are  in.  To  correlate  this  behavior  with  the  number  of  solid-like  atoms  near  the 
surface,  a future  experiment  should  be  able  to  measure  the  Curie  constant 
(proportional  to  the  number  of  spins)  absolutely  or  at  least  relative  to  a known 
reference.  In  this  way,  if  the  number  of  atoms  participating  in  the  ferromagnetic 
exchange  changes  with  pressure,  it  can  be  detected. 

Though  complicated  and  not  well  characterised,  the  random  pore  structure  of 
Vycor  was  used  to  an  advantage  for  the  deduction  of  r,.  The  changeover  behavior 
seen  in  i%  as  a function  of  frequency  emphasizes  the  need  to  determine  the  actual  r, 
before  any  conclusions  can  be  drawn.  For  future  experiments,  a more 
straight-forward  method  for  determining  r,  should  be  developed  for  ultra-low 
temperatures  (e.g.  small  angle  spin  echoes).  Correlations  between  the  pressure 
dependences  of  0 and  r,  can  then  be  studied  in  order  to  form  a more  unified  picture 
of  particle  exchange  in  these  systems. 

The  flow  and  magnetism  interactions  displayed  in  this  experiment  emphasize 
the  subtle  nature  of  the  surface  magnetic  state.  Coupled  with  the  interesting  and 
very  complicated  Dow  measurements  performed  by  G.F.  Spencer  for  his  Ph.D. 
dissertation  (1988),  a consistent  picture  of  the  behavior  of  liquid  *He  in  very 
confined  geometries  can  be  pursued.  Future  work  could  entail  flow  studies  in  more 
regular  geometries  (possibly  produced  by  micro-electronics  photo-lithographic 
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One  final  and  intriguing  possibility  is  the  use  of  confined  geometries  to  form 
highly  polarised  normal  liquid  *He.  If  the  polarisation  of  the  surface  state  is 
maintained  into  the  nearby  liquid  and  can  be  clearly  separated  in  the  analysis,  many 
predictions  for  a highly  polarised  Fermi  liquid  may  be  tested. 
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